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Preface to the Sixth Edition 


I have the pleasure in presenting to the readers the revised sixth edition of 
the 2nd part of ‘A Text Book of Physics’, I took this opportunity to revise 
thoroughly the entire text of the book and had added some important and 
valuable information in various chapters. The number of worked out sums has 
also been increased. The exercises have been made up-to-date in the light of 
recent I.I.T., J.E.E. and H.S. examinations. 

I am confident that this revised volume will be able to serve the H.S. students 
better than before. 


City College, Calcutta. C. R. Dasgupta 


Department of Physics 
7th June, 1988 


Preface to the First Edition 


The educational pattern of the state has again undergone a drastic change. 
The old XI-class H. S. Course has been scrapped and a 10-year secondary course 
followed by a 2-year H. S. course has been introduced in its place. Students, who 

ssed the *Madhyamik' examination in 1976, got admitted in the Ist year of the 
so-zalled--2 course and will appear in the final examination in 1978. The present 
volume is the second part of the book entitled *A Text Book of Physics" written 
on the syllabus of the general stream for Physics. The first part, it may be 
mentioned, was published in July, 1976. 

It goes without saying that the present volume has been written in the same 
style and manner as the first part which had, in the meantime, been recommended 
widely to the students of schools and colleges imparting H. S. education. This 
volume contains the subject-Inatter of the second paper viz. light, magnetism, 
electrostatics, current electricity and modern physics. 

Some errors due to ‘Printer’s devil’ may creep in and the author will be 
grateful to the readers if such errors are brought to his notice. 


City College, Calcutta. C. R. Dasgupta 


Department of Physics 
March, 1977. 
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1. Optics 


Recapitulation of basic topics on rectilinear propagation of light. Photo- 
metry—basic concepts, Lummer-Brodhun Photometer. 

Reflection at plane surfaces—law of reflection, Periscope. 

Reflection at curved surfaces— basic definitions and mathematical relations 
between u, V, f and r. 

Refraction of light—laws of refraction, total reflection, critical angle, 
formation of image, refraction through a prism, minimum deviation, relation 
between 3 and p. 

Image formation by thin convex and concave lenses ; basic definitions : 
deduction of formula connecting u, v and f. Spherical and chromatic aberrations 
(qualitative discussion). 

Dispersion of light, formation of a spectrum, different types of spectra (line 
and continuous), emission and absorption spectra—discussions on a very limited 
level. Atmospheric refraction. 

Optical instruments: Camera, Compound microscope, Astronomical 
telescope, Binoculars. 

The human eye—defects of vision ; remedy as example of combination of 


lenses, 
2. Magnetism 


Recapitulation of basic concepts with demonstration. Magnetic field, 
magnetic lines of force, Coulomb's law, unit pole, magnetic intensity. 

Molecular theory of magnetism. Fero-para-and dia-magnetic substances. 
Permeability, Susceptibility. 

Terrestrial magnetism—Declination, Dip and Horizontal intensity (methods 
of measurement not required). 


3, Electrostatics 


Basic electrostatic phenomena. Electroscopes—simple experiments. Con- 
ductors and insulators. Electrostatic induction. Distribution of charge on 
conductors. Surface charge density. 

Coulomb's law of electrostatics. Electric field. Potential and its measure ; 
qualitative idea of relation between intensity and potential. Capacitance, 
Capacitance of a sphere, Simple capacitors. Factors determining capacitance, 
Capacitors in series and parallel. 

Electrostatic machines—Electrophorous and Van de Graaff generator, 


4. Current Electricity 


Voltaic cells—Primary and secondary cells. Ohm's law; Resistivity, 
Temperature coefficient of resistances, Resistances in series and parallel, 
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Wheatstone bridge (measurement of resistances of resistors with this bridge). 
Post office Box. Metre bridge. Potentiometer—measurement of potential 
difference and current. 

Heating effect of current—Joule’s law. Determination of ‘J’ by electrical 
method ; Thermo-electricity. Peltier and Thomson’s effect (general outline). 

Chemical effect of current—Electrolysis, Faraday’s laws, Practical 
applications. 


Electromagnetism : 
Magnetic effect of current—action of magnet on current, current on magnet 
and current on current. Demonstrations. Simple galvanometers, (tangent, D' 
Arsonval). Voltemeters, Ammeters and their uses. 
Electromagnetic induction : Laws of Faraday and Lenz. Self and mutual 
inductance. Induction coil. 
Ideas about alternating current (qualitative discussion). Principles of motors 
and dynamos. 


5. Modern Physics 


Cathode rays and their properties. X-rays—discovery and properties. 
Nature of X-rays ; Practical applications. 

Thermionic emission—descriptive ; vacuum tubes, diodes—principle of recti- 
fication. Use. Triodes—principle of amplification, Elementary principles of 
radio. 

Photo electric emission. Photo tube and its uses. Particle nature of radia- 
tion. Elementary ideas of Quantum theory (No details on the determination of 
Plancks constant). 

Electronic structure of atom—brief introduction to the Bohr model of atom : 
Semi-conductor ; diodes and triodes, transistors and their uses (descriptive). 

The nucleus of the atom and its structure : Atomic number and mass 
number ; isotopes. 

Radioactivity—its discovery, alpha, beta and gamma rays and their properties. 
Radioactive decay (no mathematics— graphical illustration only), Radio-isotopes, 
Artificial transmutation of elements with illustrations. Mention of mass-energy 
equivalence. Nuclear fission and its uses. Nuclear fusion—its importance. 
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PROPAGATION OF LIGHT AND PHOTOMETRY 


1.1. Nature of light: 

We become acquainted with our surroundings mainly through our sense 
of vision. Whenever we open our eyes, we see various objects around us. But 
can we see things simply by opening our eyes ? In pitch-darkness, we cannot 
see anything even if we keep our eyes wide open. To see things some external 
stimulus is necessary for our eyes. In other words, when light from objects 
around us falls on our eyes, the objects become visible to us. Hence, light may 
be regarded as an external stimulus which causes the sensation of sight. 

Like heat, electricity etc, light is a form of energy. When a metallic ball is 
heated, it emits heat energy. The chemical potential energy of coal is, in this 
case, converted into heat energy. If the heating is continued, the ball will become 
red-hot and will emit light. In this case, a part of chemical energy is transformed 
into light energy. From all these examples, we conclude that light is a form of 
energy. Light, itself, is invisible but it makes other things visible to us. We 
cannot see light but we see lighted objects. Like other forms of energy, light is 
invisible to us. 

Light is propagated from one place to another in the form of waves which 
are transverse in nature and very small in length. Light waves have an extremely 
high velocity of about 1,86,000 miles per second in vacuum. 


1.2. Rectilinear motion of light : 

One of the most obvious facts about the behaviour of light is that it travels 
from one place to another in a straight line. When motor head-lights are switched 
on in a dark road the streaks of light are found to travel in straight lines. 
You are familiar with the appearance of shafts of sunlight coming through a 
rift in the clouds or with the passage of a ray of light into a dark room 
through a hole in the window. In all these cases, you must have seen that light 
travels in straight line. 


Fig. 1.1 
We can also demonstrate this fact by a simple experiment. Three card- 
board screens having small holes in their centres stand in a row (Fig. 1.1), These 


are arranged so that the holes are in a straight line along with a candle flame 
placed on the left of the card-board A, Light can be received by an eye placed 
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on the right of the card-board C, provided the eye is in the same line with the 
holes. If, however, one of the boards is displaced so that the holes are no longer 
in a straight line, the light is cut off. This conclusively proves that light travels 
in a straight line, for if light could have moved in a zig-zag way, it could have 
easily passed through the hole of the displaced board and reached the eye. 


1.3. Pin-hole camera : 

The principle of action of this camera illustrates the rectilinear propaga- 
tion of light. 

Fig. 1.2 shows a pin-hole camera. It is a rectangular box. Its front surface 
is made of card-board with a very fine hole at H. The opposite back surface Y 
is made of ground glass. The inside of the box is painted black in order to prevent 
reflection of light by the sides of the box. An inverted image of an object held 
in front of the pin-hole is formed on the ground glass plate. 

Suppose that a candle is kept in front of a pin-hole camera [Fig. 1.2]. From 
the point A of the flame, say, rays of light travel in all directions but the only 
narrow pencil that can pass through the 
hole is AH which produces the image B 
^ of the point A of the flame. Similarly, 
the only narrow pencils starting from N 
and P that can pass through the hole are 
NH and PH respectively which form 
images at M and S respectively. In this 
way, an inverted image of the flame is 

Fig. 1.2 produced on the ground glass screen. 

If the screen at the back be replaced by a photographic plate, then a photo- 

graph may be obtained on giving a comparatively long exposure. 


Some discussions on the pin-hole camera : 


(i) Ifthe size of the pin-hole be increased, we get no well defined inverted 
image on the screen. This is due to the fact that a large hole is an aggregation of 
a number of small pin-holes, each of which will cast its corresponding image on 
the screen. The superposition of these images will produce a general blurring 
effect. The image will be sharp if the hole is very small. 

(ii) The image does not depend upon the shape of the hole as long as the 
hole is very small. The image will be of the shape of the object, if the hole is a 
pin-hole—no matter whether the hole is circular, oval or triangular. For this 
reason, horizontal sun-rays coming through a triangular pin-hole on a window cast 
circular image on the wall behind. 

(iii) If the object be moved away from the pin-hole, keeping the screen 
fixed in position, the size of the image diminishes. 

(iv) If the screen be moved away from the pin-hole, keeping the object 
fixed in position, the size of the image increases. 

If a straight line NHM be drawn through the pin-hole H perpendicular to 
the object and the image (Fig. 1.2), then the sizes of the object and its image bear 
the following relation with their distances from the pin-hole : 
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Size of the object Distance of the object from the hole (NH) 

L BU ro Do image’, Q4 5 QM) 
Example 1. Jn a pin-hole camera, the screen is 6 inches away from the hole. 
How far a man will stand from the camera in order to produce an image on the 


screen half the size of the man ? 
Al. We kiow; Size of the object — Distance of the object from the hole 


” LI 3 image » 9 ” image ” ” ” 
Distance of the object 
or, 22 eae 


the distance of the object from the hole=6 x 2 inches— 1 ft. 

Hence the man should stand 1 ft. away from the camera. 

Example 2. An image I'5 inches high of a building is formed in a pin-hole 
camera whose screen is 2:6 inches away from the hole. If the camera is placed 91 
ft. away from the building, what is the height of the building ? 
height of the object object distance 

height of the image image distance 
height of the object 91 


Ans. We know, 


È r5 ~ 26 
12 12 
91x 1:5 


height of the object— ft.—52:5 ft. 


2:6 
Example 3. The distance between the screen and the hole of a pin-hole camera 
is 20 cm. Find out the distance of an object from the hole when the image on the 


screen will be rd the size of the object. [H.S. Exam. 1983] 
size of the object Distance of the object from the pinhole 
‘Ans, ‘We have, =A 
” ” ” image LJ ” 33 image ” ” LE 
Th inis Casi 3. Distance of the m from the pin-hole 


Required distance—60 cm. 
Example 4. A pin-hole camera takes the picture of the sun. The screen is 
100 cm. from the hole and the sun subtends an angle $^ at the hole. Find the diameter 
of the image formed on the screen. 
2x314 3:14 


Ans, The sun subtends an angle of #°=} 380 rad. rad. at the hole. 


diameter of the sun _ 314 
distance of the sun from the hole 360 
Again, from the principle of pin-hole camera, we can write, 
diameter of the image oa diameter of the sun 
distance of the screen from the hole distance of the sun from the hole 
op diameter of the image __ 3:14 _ 
j 100 360 


<. Diameter of the image tx 100—0:872 cm. 


we 
aM 
I 


6 A TEXT BOOK OF PHYSICS 


1.4. Formation of shadows : 

We know that opaque objects produce shadows. Formation of shadows 
affords us further illustration of the fact that light travels in straight lines. If 
light could have travelled in a zig-zag way, shadows would not have been 
formed. Depending upon the relative sizes of the obstacle and the source of 
light, the shadows may be of different shape and nature. Several cases of 
formation of shadow are considered below : 

(i) A point source and an extended obstacle : 

S is a point source and AB is a spherical obstacle (opaque). M is a screen 


held behind the obstacle (fig. 1.3). Rays of light from the point source 5 travel 
in all directions. Of these rays, those which 


pass just by the side of the obstacle, like SA, 
SB etc and those above or below them, can 
easily reach the screen but no light is found 
to reach the screen, which lies within the 
conical space SAB because they are obstruc- 
ted by the opaque obstacle AB. As a 
result, the portion A'B’ of the screen will 

Fig. 1.3 be dark and will be circular in shape. 
Thus A'B“ is the shadow of the obstacle 4B. It has the shape of the contour of 
the obstacle as seen from the source. If the screen be moved away, the shadow 
increases in size but it becomes less dark. 

(ii) A source of finite size and an obstacle larger in size than the source : 

S,S, is a source of light of finite size, AB the opaque obstacle having size 
greater than that of the source and M a screen (fig. 1.4). The extended source 
SS, may be looked upon as an assemblage of a number of point sources. S, 
and S, are two such extreme point sources. 

Now, the cone of rays starting from the source S, and bounded by the lines 
like S,A, S,B, etc is obstructed by the obstacle AB and is unable to reach the 
screen. They produce a shadow 
on the screen extending from E 
to F. Similarly, the cone of 
rays starting from the lowest 
point S, and bounded by the 
lines like 5,4, SB etc, is not 
capable of reaching the screen, 
The shadow they produce ex- 
tends from G to H. The 
shadow formed due to other 
intermediate points on the Fig. 1.4 
Source will occupy the intervening position, between G and F. From the fig. 
1.4, it is clear that the portion EH is completely dark because no light reaches this 
Portion either from S, or from S, and hence from no other intermediate points 
of the source. The portions GE and HF are semi-dark because in GE light 
Teaches from the upper part of the source and in HF from the lower part. 
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Thus in the case of a source of finite size, the shadow consists of dark region 
surrounded by semi-dark region. The dark region is called Umbra and the semi- 
dark region is called Penumbra. The right hand portion of the fig. 1.4 shows 
the actual appearance of the shadow. The central dark circular portion is the 
umbra and the outer semi-dark portion is the penumbra. 

From the figure it is clear that when the screen is moved away from the 
obstacle, the size of the shadow increases but its character remains unchanged. 


(iii) A source of finite size larger than the obstacle : 


5,5, is a source of finite size larger than the obstacle AB. M is a screen 
placed behind the obstacle (Fig. 1.5). As before the extended source may be 
regarded as an aggregation of a number of point sources. Suppose S, and S, are 
two such extreme point sources. 

The cone of rays starting from S, and bounded by the lines like S,4, S,B 
etc is obstructed by the obstacle and is unable to reach the screen. A shadow 
extending from K to D is thereby formed on the screen. 

Similarly, the cone of rays starting from S, and bounded by the lines like 
S.A, SB etc is obstructed by 4 
the obstacle and they produce M 
a shadow on the screen exten- 93 
ding from G to C. The shadow 
formed due to other intermediate 
points on the source will occupy 
the intervening positions between 
C and D. 

It is clear from the figure 
that KG is the umbral portion 
of the shadow and KC and GD 
constitute the surrounding penum- 
bral portions. In this case, the Fig. 1.5 
umbral cone is found to be converging and the penumbral cone diverging. BAs a 
result, the character of the shadow will change with the displacement of the 
screen. As the screen is shifted away from the obstacle, the umbral cone is 
gradually reduced until at the position M, it becomes merely a point (H). If the 
screen be moved further away as at M; say, there is no umbra at the central region; 
instead there is an opposite diverging cone HRT within which light from the 
peripheral part of the source can enter. An eye placed anywhere in this diverging 
cone and looking towards the obstacle would see it as a dark object with light 
above and below as shown in left-hand top corner of Fig. 1.5. If the screen be 
gradually moved further away, the penumbral portion becomes fainter and fainter 
until it becomes difficult to distinguish between light and shade. 

In this connection it may be mentioned that shadows of the leaves of trees 
on the ground exhibit umbra and faint penumbra. Here, the sun is the source of 
light, the leaves are the opaque obstacles and the ground is the screen. Since the 
ground and the leaves are near to each other and the sun is far away, we see both 
umbra and penumbra in the shadow. Similarly, when an aeroplane flies at a very 


S, 


(ie 
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low altitude, its shadow on the ground is distinguishable. But as the aeroplane 
moves higher up (i.e. the distance between the object and the screen increasing), 
the shadow becomes gradually indistinguishable. 

Example 1. A spherical opaque body of diameter 4 inches is kept at a distance 
of 1 ft. from a point source. A screen is placed I ft. away from the centre of the 
spherical body. What is the diameter of the shadow formed on the screen ? 

Ans. Let S be the source, AB, the 
obstacle and M the screen. A’B’ is the 
shadow formed on the screen [Fig. 1.6]. 

According to the question, SO=1 ft ; 
and OO'—1 ft. Hence SO’=2 ft; Also 
AB=4 inches. 


RIS TIO NUR enr g5 oid x 12 
en es) YO“ BO 2x 12 
Fig. 1.6 .. A’B’=8 inches, 


the diameter of the shadow=8 inches, 


Example 2. An electric lamp is kept in a glass bulb of diameter 4 inches in 
a dark room. A metallic ball, 2 inches in diameter, is placed 6 inches away from 
the glass bulb. Calculate the length of the umbral cone of the ball. 

Ans. In Fig. 1.7, B is the glass bulb, D the metallic ball and CE the length 
of the umbral cone. According to the 
problem, AB=2"; CD=1"; AC=6" and 


B 
From similar A* ABE, CDE, we have, = E 
4B CD, 2 1 niue 

Abe x[- ^264-xo7x 


or, 2x=6+x or, x=6 inches. Fig.1.7 
So, the length of the umbral cone is 6 inches. 


Example 3. An opaque circular disc of 2:6 cm. diameter is held normally on 
the path of rays from the sun. A screen is placed behind the disc such that the 
diameter of the umbra on the screen is zero. Calculate the distance between the 
disc and the screen if the diameter of the sun be 1:30: 109 km and the distance 
between the sun and the disc be 1-50 x 108 km. 


Ans. AB=diameter of the sun=1'3x 10° km; CD=the diameter of the 


g disc=2'6 cm; R—the point on the screen where the 
umbra ends ; EF is the screen [Fig. 1.8]. From the 


AB PR 
figure, we get, — —— 
Eun eh CD “OR 
13x10% 1:5x108+-x  1:5x 108 
8 A COT UUUITUY ef t mes 
"—-1'5X10. Km» X Km» 10 15x 108 


"Fig. 1.8 2 x . [Neglecting 1] 
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3 
x= ips km=3 metre 

Example 4. Jf the sun subtends an angle of 32 minutes of arc at a point on 
the earth, calculate the least height of an aeroplane of wing span 100 ft. such that its 
shadow on the ground may consist of penumbra only. 

Ans. At the least height from the given point, the umbral region of the 
shadow will reduce to a point and the whole of the shadow will be occupied by 
penumbra. In Fig. 1.7, E represents the given point on the surface of the earth, 
DC is the position of the aeroplane and CE is the height of the aeroplane 
from the ground. Now, if the sun subtends an angle of 32 minutes of arc at E, 
the wings of the plane also subtend the same angle at £. 

J2- On. eK STA 


Now, 32'=ar= = x ~g edan. 


According to circular measure, the angle subtended at E by the wings of the 
length of the wings 100 


plane— CE — 
100 32 2x314 100 x 60 x 360 
tud rey T» ~~~ — 10,748 ft. (nearl 
CE 60. 369. 9^ 32x2x314 incest) 


1.5. Eclipses : 

The eclipses of the sun and the moon afford further illustration of the 
formation of shadows. A solar eclipse is caused by the passage of the moon 
between the sun and the earth at new moon and a lunar eclipse is caused by the 
passage of the earth between the sun and the moon at full moon. In the first 
case, the moon may be considered as the obstacle and the earth as the screen 
and vice versa in the second case. 

[N.B. The distances of the sun and the moon from the earth are 9 x 10* miles and 21 x 10# 
miles respectively. The sun's diameter is about 109 times greater than that of the earth. The 
umbral cone of the earth’s shadow is long enough to be about 8-6x 10* miles and it far extends 
the moon. 

These distances are so large that it is almost impossible to draw diagrams up to scale in a 
small compass. For these reasons, the diagrams illustrating the eclipses have not been drawn 
according to the scale ; they qualitatively illustrate the occurrence of different types of eclipses.] 

Solar eclipse : Solar eclipse may be of three different types :—(i) Total 
(ii) Partial and (iii) Annular. x 

During rotation in their respective x 
orbits, when the moon (M) comes 
between the earth (E) and the sun (S) 
in new moon as shown in fig. 1.9, the 
shadow of the moon is cast behind it. 
The portion CD of the shadow is umbra 
and the portion CG or DF is penumbra. 
When the umbra of the moon’s shadow i 
touches any part of the earth as in CD, / 
the sun becomes totally invisible to 
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the people of that part while to the people of penumbral regions of the 
earth as in DF or CG, the sun becomes partially visible. The people of the 
region CG can observe only the upper part of the sun and the people of the 
region DF the lower part. Consequently, it is a total eclipse for the people of the 
region CD and a partial eclipse for the people in the region GC or DF. 

Since the moon is much smaller than the earth, its shadow is also smaller. 
So, the umbral portion of the moon’s shadow covers a small region of the earth. 
For this reason total eclipse of the sun becomes visible over a limited space on the 
surface of the earth. Further, since the moon’s shadow is not very wide, it cannot 
extend over the whole of the illuminated hemisphere of the earth. So, solar 
eclipse is not visible from all places on the illuminated hemisphere. Look at the 
fig. 1.9(a). In the figure, ab is the penumbral region of the moon’s shadow. It has 
not covered the whole of the illuminated hemisphere of the earth. 


During total solar eclipse, it becomes as dark as night and the moon appears 
on the sky. The moon looks like a copper-coloured disc from the earth because 
the surface of the moon turned towards 
the earth cannot receive the direct 
sunlight but receives the feeble light 
reflected by the earth. The feeble 
reflected light makes it look like a 
copper-coloured disc. 

Since the sun is much bigger 
than the moon and since the distance 

Fig. 1.9(a) between them varies, it may so happen 
that the umbral cone of the moon's shadow does not touch the earth ; instead a 
prolongation of the umbral cone touches the earth. In fig. 1.10, such prolongation 
has touched the portion GF of the s 
earth. In this case, the people ; 
occupying the region GF will 
observe a luminous bright outer 
ring of the sun's disc, the central 
portion being cut off from view 
by the moon. This is known as Fig. 1.10 
the annular eclipse of the sun. 


Lunar eclipse: We know that the moon has no light of its own. The 
moon looks bright because it reflects the sun-light falling upon it. At the time 
of full moon the earth comes between the sun and the moon. 

During rotation in their respective 
orbits, when the earth (E) comes between 
the sun (S) and the moon (M) in full 
moon, the shadow of the earth falls on the 
moon. When the umbral region of 
the earth's shadow fully covers the 
moon (fig. 1.11), it becomes invisible 
from the earth. Total lunar eclipse 


ILLUMINATED EEMISPHERE 
E |a PENUMBRA 


MOON 
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then takes place. If a part of the moon falls inside the penumbra and the 
rest inside umbra, it causes a partial eclipse of the moon. 

Before entering the umbral region of the shadow, the moon enters the penum- 
bral region where the sunlight is not strong. For this reason, the lunar disc 
appears dull before the commencement of the eclipse. For the same reason, the 
moon looks dull for sometime after the eclipse is over ; for the moon again 
enters into the penumbra after coming out of the umbra. 

Since the size of the earth is much bigger than the size of the moon the 
length of the earth's shadow cone is always greater than the distance between the 
earth and the moon. Thus, the lunar eclipse can never be annular. 


Example : A man on the earth observes annular eclipse of sun on a new 
moon. How high should the man ascend from the surface of the earth so that he 
may just see the total solar eclipse ? The diameters of the sun and the moon are 
86x 10° miles and 2x 10? miles respectively. The distances of the sun and the 
moon from the man on the earth are respectively 93 x 10° and 2:4 x 105 miles. 

Ans. To see the annular eclipse of the sun, the umbral cone of the moon, 
when prolonged, ends in a point and then produces a diverging cone and falls on 
the earth. In fig. 1.12, the positions of S; 


the sun (S,S,) the moon (M,M,) and the ^ 
earth E have been shown. To see the i 
total solar eclipse the man should ascend * 
a height of x miles. From the figure, š 
4: Sp,  93x108°—x i 
we can write ——— = ———— ——— i 
MM, 24x10°—x " 
$6x10  93x100—x 2 
2x10  24x105—x Fig. 1.12 
93 x 105— x 
" | EN dabo al T D jS ê= E 
or 43x10 AI o 103:2 x 105 — 93 x 10°=(430—1)x 
10:2 x 105 : 


Why eclipses are not found to occur at every full moon or new moon ? 


We do not see eclipses occurring at every full moon and new moon. The 
reason is that the plane of the moon's orbit is inclined at an angle of about 5? to 
the plane in which the earth and the sun lie. If the earth, the sun and the moon 
were in the same plane, then at every new moon there would have been a solar 
eclipse and at every full moon, a lunar eclipse. Because of the inclination men- 
tioned above, at every full moon, the moon cannot enter the shadow cone of the 
earth. Sometimes the moon passes above and sometimes below the shadow 
cone and similarly at every new moon the sun's view is not obstructed by the 
moon. 

To understand when eclipses will occur, the following facts are to be 
considered. The plane in which the earth and the sun lie, called the plane o/ 
ecliptic, intersects the plane of the moon's orbit in a straight line, This line is 
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called the nodal line. If full moon occurs on or near this nodal line there will be 
a lunar eclipse and if a new moon occurs on or near the nodal line, there will be a 
solar eclipse. 

In order that there should be a lunar eclipse two conditions are therefore, 
to be satisfied :—(i) the moon must be full and (ii) the moon must be on or near the 
nodal line. 

Similarly for a solar eclipse, the conditions are (i) the moon must be new and 
(ii) the moon must be on or near the nodal line. 


1.6. Photometry : 

The branch of Physics which deals with the subject of measurement of 
light is called photometry and the instruments used for this purpose are, called 
photometers. 

Some quantities are to be defined before we take up a discussion of the 


subject. 


1.7. Some important terms in connection with photometry : 

G) Iluminating power or luminous intensity of a source: The strength of 
a lamp or any other source of light is specified by the term illuminating power or 
the luminous intensity. Thus the luminous intensity of an electric lamp is 
much brighter than that of an ordinary oil lamp. 

- Definition : It is defined as the amount of light falling normally per second 
on unit area at unit distance from the source. > 

It is usually expressed in terms of the luminous intensity of a standard 
candle. Une standard chosen, in earlier days, was a sperm candle z inch in dia- 
meter, + * of a pound in weight and burning at therate 120 grains per hour. The 
illuminating power of such a standard candle is called candle power, abbreviated as 
C.P. Thus the illuminating power of an electric lamp is 20 C.P. means that its 
illuminating power is 20 times that of a standard candle. 

The above standard candle has been found to be inconvenient in many 
ways. Officially, Hercourt Pentane lamp is now taken as a standard lamp. In 
this lamp, a mixture of air and pentane vapour is burned which gives ten times 
light than the previous standard candle. So, international candle power now 
means is of the illuminating power of a Hercourt Pentane lamp. 

In Germany Hefner lamp is used as a standard. Amyl acetate is the fuel 
in this lamp. Its illuminating power is 0:9 times the international candle power. 
The standard used in France is, however, a Carcel lamp whose illuminating power 
is 9:6 times the international candle power. 

Since standard light used in different countries is different and its illuminating 
power is also different compared to the old standard candle, inconvenience was 
felt in international work and the necessity of an international standard, acceptable 
to all was uppermost in the minds of the scientists. Finally in 1948, they un- 
animously adopted an international standard. — It is 4,th of the luminosity coming 
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out of a hole of | sq. cm. area ina black-body kept at the temperature of solidifying 
platinum. The unit is called Candela. Its symbol is cd. 


(ii) Luminous flux or flux of light : Consider a point source of light, which 
emits light energy uniformly in all directions. Also consider a closed surface 
round the point source. Then, the rate at which light energy crosses the closed 
surface, is called the flux or the luminous flux. 


This unit of luminous flux is lumen. It is defined as the luminous flux emitted 
through unit solid angle from a uniform point source of illuminating power 1 candela. 
Its symbol is /m. 

Since the solid angle subtended by a closed surface at a point inside it is 4r, 

1 candela —4z lumens. 

(iii) Intensity of illumination or Illumination: We all know that the 
illumination of an open space where sunlight can fall directly, is greater than that 
of a shaded place. In other words, the same source can illuminate different 
surfaces differently. By intensity of illumination, we ordinarily mean how far a 
surface is illuminated by a source. Its exact definition is as follows : 

The illumination at a point is defined as the amount of light energy falling 
normally per second on unit area round the point. 


If Q is the amount of light energy falling normally per second on area A 

round a point, then the illumination of the point 
I—Q-—A 

In the F.P.S. system, the unit of illumination is foot-candle. If 1 lumen of 
light falls normally per second on | sq. ft. area the illumination of the area is 
1 foot candle. It is also known as lumen/sq. ft. 

In the M.K.S. system; the unit of illumination is lux. If 1 lumen of light falls 
normally per second on 1 sq. metre area, the illumination of the area is 1 lux. It 
is also known as metre-candle or lumen/sq. metre. The symbol of lux is /x. 


If, however, 1 lumen of light falls normally per second on 1 sq. cm. area, 
the illumination in C.G.S. system is 1 phot. — It is also, called lumen/sq. cm. 


The following relations may be obtained from the above definitions : 


1 lux —1 metre-candle=1 lumen/sq. metre. 
1 phot—1 centimetre-candle=1 lumen/sq. cm.=10* lux. 
1 foot-candle— 1 lumen/sq. ft.— 10:764 lux. 

It may be pointed out here that when the sun shines brightly the illumination of the surface 
of the earth may reach 60,000 ft. candles. In the full moon, the illumination of the moon-lit 
surface of the earth is only about 1 foot-candle. It may be recalled that the moon has no light 
of its own ; it reflects the sunlight to the earth. 

(iv) Brightness or Luminance : If the source of light has a finite size, its 
illuminating power is expressed by the brightness or luminance. It is defined as 
the amount of light energy emitted normally per second in a particular direction 
from unit area of the source. In other words, the brightness or luminance is the 
illuminating power per unit area of the source. 

If P be the illuminating power of a source of area A, its brightness, B=P/A. 
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1.8. Inverse square law in connection with illumination : 

'The law states that the illumination of a surface by a point source is inversely 
proportional to the square of its distance from the source. It may be established 
in the following way. 

S is a point source, emitting light uniformly in 
all directions (Fig. 1.13). Suppose the source is 
emitting Q amount of light energy per second. 
Consider two spheres A and B of radii r, and r, 
respectively having the point S as their common 
centre. 

Now, Q amount of light from the source S will 
cross the surface of the sphere 4 in one second. If 


Fig. 1.13 
I be the illumination at any point inside the sphere A, 


then, A— in [4zr,?—surface area of the sphere 4] 


If, now, the sphere A is replaced by the sphere B, the same amount of light 
will cross its surface in the same time. Hence /,, the illumination at any point on 


its inside surface, is given by /,— ZA [477,?—surface area of the sphere B] 
a 
T Q |o r ra? $ 1 t 
L áxniázns oni oU Pea: 


This is the inverse square law. 


1.9. Relation between the illuminating power and illumination : 

Consider two concentric spheres A and B (Fig. 1.13). Suppose, the radius 
of the sphere A is 1 (unity) and that of the sphere Bisr. A source S kept at their 
centre, is emitting Q amount of light energy uniformly in all directions per 
second. Suppose the illuminating power of the source S is Z and the illumination 
at an inside point of the sphere B is 7. 

Now, from the definitions of the illuminating power of a source and the 
illumination at a point, we may say that the illuminating power of a source is its 
illumination at unit distance away. Since same quantity of light (Q) is passing 
across the m A and B, we have, for the sphere A, 


"T EM [4z(1)* surface area of the sphere A] or, Q—4zL. 
Q 4xL L 
Now, for the sphere B, I= —; da aui e. 
[4z7? —surface area of the sphere B] 
Illuminating power 
square of the distance 


Example: Two lamps hang directly above a table. The illuminating power 
of one is 40 c.p. and that of the other is63 c.p. Their vertical heights are respectively 


So, illumination— 
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2 ft, and 3 ft. Compare the illuminations of the table when the lamps are put on 
alte rnately. 


L 40 
Ans. We know, /=-. For the first lamp, ,=s—>=10 ft.-candles. 


rÈ: 2x2 

63 A.. 10 

For the second lamp h=773= 1 ft-candles. ~ i= = 
2 


1.10. Principle of Photometry : 
Consider two sources of light S, and S, kept at distances r, and r, respec- 


tively from a screen M (Fig. 1.14). Suppose L, M^ 

and L, are the illuminating powers of the Sii Hy NU A 
sources. If they produce same illumination on ie TUM 
the screen, then, the principle of photometry 

may be established in the following way ; vti gee es io Su 


The illumination produced on the 
screen by the first source—L,/r,?. Similarly, 
the illumination produced by the second Fig. 1.14 
source L./r.;?. 

Since the illuminations are equal, we have, L,/r;2=L,/ro? 
L n? 
ig r Pi 

Hence if two sources produce equal illumination on a screen, their illuminating 
powers are proportional to the squares of their distances from the screen. This is 
the basic principle of photometry. This principle is applied in different photo- 
meters for the comparison of illuminating powers. 


or, 


1.11. Comparison of illuminating powers by photometer : 

(A) Rumford’s photometer : Rumford's photometer consists of an upright 
metallic rod R placed at a short distance in front of a white screen of paper or 
glass (S). Two lamps—one a candle C 
and the other an electric lamp L—whose 
illuminating powers are to be compared, 
are placed in such a way that the shadows 
(A and B) of the rod which they form on 
the screen lie just side by side [Fig. 1.15]. 

The shadow formed by the lamp C 
receives light only from the lamp Z and 
vice versa. Hence, if the distance r, and 

Fig. 1.15 ry are now adjusted until both the shadows 
are equally illuminated, the two lamps will be producing equal illumination on 
2 


lows that stents 
the screen. It follows ree 
Measuring the distances r, and rs by a scale, the illuminating powers of the 


lamps may be compared. 
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(B) Bunsen’s grease-spot photometer : 

The photometer consists of an optical bench MN provided with several 
uprights carrying sources of light, (C and L) and a paper screen P having a greased 
spot at its centre as shown in the fig. 1.16. Place the paper screen in between 


Fig. 1.16 


the two sources, say a candle flame and an electric bulb, Adjust the position of the 
screen such that the greased and ungreased portions of the screen appear equally 
bright from whatever side the screen is observed. When this is done, the 
intensitities of illumination produced by the sources on the screen are equal. 
Mearure the distances of the sources from the screen. Let r, and r, be the 
distances of the sources from the screen, Z, and L, are the illuminating powers 
of the candle flame and the electric bulb respectively. Then 


Lo n* 
L, n 


Action of the greased spot: When a greased spot is taken on a paper, the 
spot becomes more transparent than the rest of the paper. When the paper is 
held near a window and it is observed from inside the room, the spot appears 
brighter than the rest of the paper. If it is viewed from outside, the spot appears 
darker. We, therefore, conclude that when the paper is viewed from the side of 
greater illumination, the spot appears dark, but when viewed from the side of 
lesser illumination, it appears brighter. If, then, two sides of the paper are equally 
illuminated, the spot ought to be of the same brightness when viewed from either 
sides. The following calculations also show the above fact. 


Let 7, and 7, be the quantities of light falling per unit area on the screen 
from the candle flame and the electric bulb respectively. Let x be the fraction of 
light diffusively reflected from the ungreased portion of the paper. Then (1—«) 
is the fraction of light transmitted through the ungreased portion. If we place our 
eye on the screen from the side of the candle flame, the amount of light reaching 
the eye from unit area of the ungreased portion is proportional to Ta+-J(1—«). 
Similarly, the amount of light reaching the eye from unit area of the greased portion 
is proportional to /,8+J,(1—§), where B—fraction of light diffusively reflected by 
the greased spot and (1— 9)—the fraction transmitted through the greased spot. 
When greased and ungreased portions appear equally bright, the above two 
quantities are equal. 
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hot+l(l-o=F8+h(1-8) or, Ah(x—8)—1(x—Q) ... h= 
L 
Therefore, ren ni or TET 


This explains why we consider intensities of illumination at the screen produced by 
the two sources equal when the greased and the ungreased portions appear 


equally illuminated. 


(C) Lummer Brodhun photometer: The essential parts of a Lummer- 
Brodhun photometer are shown in fig. 1.17. A white diffusing screen A is illumi- 
nated normally on the two sides by light sources C, and Ca. The sources can be 
moved along an optical bench. The illuminat- 
ing powers of thesetwo sources are to be com- 
pared. D and E are total reflection prisms 
which reflect the light coming from 4 to two 
right angled prisms F and G. "These two 
prisms F and G are so shaped and cemented 
that they come in contact only' at the central 
circular area, while a thin film of air exists 
between the two in their outer region. The 
central part transmits light coming from C, 
into the telescope T and the outer parts reflect 
light coming from Cj into the telescope T. 
The rest of the rays fall upon the blackened 
surface, where they are absorbed. The field 
of view inside the telescope appears to be Fig. 1.17 
divided into two concentric circular strips, 
the central strip (5;) illuminated by C, and the outer annular space (S,) by C, 
[Fig. 1.18]. ` If C, produces greater illumination than C,, the central part will be 
Dr brighter than the outer part 


EA and if C, produces greater 
illumination, the outer part 

G5 will be brighter than the central 
part [Fig. 1.18 (a) and (b)]. 

E The distances of C, and C, 


^ ' ^ from A are adjusted till the 


M^ 0 iaa 
* m = il whole field appears uniformly 

Fig. 1.18 illuminated. The central spot 
will then become indistinguishable from the outer [Fig. 1.18(c)]. In this circums- 


tances, photometric balance is said to have been attained. 


Theory : After the photometric balance is attained, let the distance of the 
source C, from the screen A be r, and that of the source C, be rs. Then, the inten- 
sity of illumination produced by the sources on the screen may be written as 


f= L, cos 9 and rae € respectively. Since 0—0, pata and pata 
n re n^ sn 


Ph. 1-2 
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If a, and « are the reflecting powers of the two surfaces of the screen res- 
n 


pectively, then the brightness of the surface turned towards the source C,— — Ar 
1 


and the brightness of the opposite surface— —> a Since photometric balance has 


been attained, we have, “ala on 
ri r 
If «,—«, i.e. the two surfaces have the same reflecting power then, 
d rg? 
Ly rg 


For very accurate measurements, the sources C, and C, are interchanged. 
In modern forms of the instrument, the whole photometer is capable of revolving 
about a line through the point A. The sources are automatically interchanged, 
when the instrument is turned through 180°. 

This photometer is the best of all because (i) unwanted light does not enter 
the photometer (ii) matching is done for light coming from both sides of the screen 
and (iii) equality of illumination can be judged very accurately. 


1.12. Oblique illumination : 

Suppose C is a point source of light. If we imagine a sphere with C as 
centre and r(— CS) as radius, then SA is a small area onthe surface of that sphere. 
Consider another small surface AS’, 
making an angle 0 with the surface AS 
[Fig. 1.19]. Both the surfaces are the 
sections of the conical surfaces sub- 
tending the same solid angle do at C. It 
is clear that the rays of light are falling 
normally on the surface AS but obli- 
quely on AS’ ie. the surface AS is 

Fig. 1.19 having a direct illumination while the 
surface AS’ an oblique illumination. 


If L be the luminous intensity of the source of light, then the amount of light 
incident on both the surfaces—Z.do. Let the illuminations on the surfaces AS 
and AS" be J) and 7 respectively. 

L. do L. do 


dim Area of the surface AS cs D Area of the surface AS" 


But we know, the area of the surface AS=cos 0 xarea of the surface AS’ 
I Area of the surface AS 


A> ” ” ” 39 Miedo a 


Then, 


Hence, the illumination is proportional to the cosine of the angle of incidence. 
This is known as Lambert’s cosine law. 
When 9=0 (i.e. normal incidence), 7—7,. 
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Example 1. Two lamps balance on a shadow photometer at distances 60 cm. 
and 42 cm. from the screen. The stronger lamp is then covered with a shade which 
transmits 80%, of the incident light. How far must this lamp be displaced in order 
to restore balance ? 

Ans. Suppose, the illuminating powers of the sources are L; and L, respec- 
tively. L, is evidently greater than Ly because its distance from the screen is 
greater than that of the other. 

L 60? 10\2 

I first case, = 4) = (2) 

n the first case. T E E 

When the stronger lamp is covered, its illuminating power will be $ Ta, 
because it, now, gives 807; light. Suppose, in order to restore balance, the lamp 
is placed at a distance x cm. from the screen. We get, 


e) "5 ) a) 
Sates P Or L4G pel = 
Lg 42, 5. M 42 
Taki root, we get. 2 x ce ed or, x—53:57 cm 
aking square root, g '324 i. a , X= " 
Hence the lamp is to be moved (60 —53:57)—6:43 cm. towards the screen. 
Example 2. Correct exposure for a photographic print is 10 seconds at a 
distance of 1 ft. from a 20 c.p. lamp, For how many seconds, will you expose the 


print at a distance of 2 ft. from a 16 c.p. lamp ? 
Ans. In the first case, the illumination == 20 ft. candles. 


Hence, the amount of light necessary for correct exposure=20 10 units. 
16 


The illumination in the second case, 7;— a» ft. candles. 
If ‘t’ be the time of exposure, the amount of light necessary —4 x t units 
Since the same photographic print is taken, the amounts of light in the two 
cases will be equal. 
4X1—20x10 or t=50 sec. 
Example 3. On a photometer bench, there is a lamp with dirty chimney, 
In order to balance it on a screen, another lamp is placed at a distance of I0 cm. 
from the screen on the other side. When the chimney is cleaned, the lamp on the 
other side is shifted through 2 cm. to restore balance. Find the percentage of light 
absorbed by the dirty chimney. 
Ans. Let L; be the illuminating power of the lamp with dirty chimney and 
L, that when the chimney is cleaned. Let its distance from the screen be r. 
Li ] d 1 1 
In the first case, FIE do 100 d0-39^ 64 


L 64 , LL 100-64 36 
L, 100 ky 100 100 


L 
In the second case, J32 


- 6 
So, the percentage of light absorbed ="2- I 100— x 100—367; 


2 
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Example 4. Two lamps A and B produce equal illumination on a screen 
when placed 4 meters and I metre respectively on the opposite sides. If now a 
lamp of 9 c.p. is placed by the side of A, it is found that the pair will have to be moved 
to a distance of 5 metres to restore the balance, B remaining at a distance of 1 metre. 
Calculate the c.p. of the lamps A and B. 


Ans. If LA and Le be the candle powers of the lamps 4 and B respectively, 
2 
then in the first position, L- ( or LA—I6.Ls. 


2 
In the.second position, T () 25 or La+9=25L8 or 16La-l-9—25La 
B 


Ls=1 c.p. and La=16 c.p. 

Example 5. Two lamps are placed 100 cm. apart. A screen is placed 
between them so as to balance the lamps. Now the positions of the lamps are inter- 
changed. To restore balance, the screen has to be shifted through 30 cm. Find the 
ratio of the illuminating powers of the lamps. 

Ans. Let the illuminating powers be Z, and L,(L,>Z,). If they are at 


J 2 
distances r, and r from the screen, then z- E a © It is easily seen that 71>. 
2 2 
When the positions of the lamps are interchanged, the screen is to be shifted 
towards the lamp of illuminating power Lẹ. If the displacement is x, the distance 
of the screen from L,=x+rz and the distance from L,—; — x. 


Lo (ri -x)* 


"E. G3 6 
From eqns (i) and (ii), we get inn* 
fa hX 
or, r£— r.xrgi-- rex or (rrr rg) xr) 0n —rg=x=30 cm. 
Again, r,+-r2=100 cm ; so r,—65 cm and r34—35 cm 
L, f[65Y* 169 
CORE 


Example 6. A table can turn about a horizontal axis passing through the 
centre of the table. A lamp of 100 c.p. is suspended at a vertical height of 4 ft. 
from the centre. How will the intensity of illumination at the centre diminish if the 
table turns through 30° from the horizontal position ? 


Ans. If Jp be the intensity of illumination at the centre when the table was 


f 5 
horizontal; nF ft. candle. When the table turns through 30°, the 


intensity of illumination at the centre is given by I=% cos 0=2°. cos 30° 


= 25 "s ft. candle. 


4 
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Percentage diminution of intensity of illumination 
= 7! 21992 (: -Lyae- (1-22) xto0=134% 
To To 2 
Example 7. At what height should a lamp be hung above the centre of a 
round table so as to obtain a maximum illumination on its A 

edges ? Find the height in terms of radius of the table. 
[Jt. Entrance 1984] 
Ans. From fig 1.20, we have the intensity of 


illumination at a point B on the edge, Ig 0, 


where L is the illuminating power of the lamp. 


h 
Now, (4B)*—(r?--/?) and cos 0— ——— ; 
or : Vr? 
L h Lh 


=" ayes meene 
rra vri (r2--42)? 


For maximum illumination, dhisg i.e di TE i = 
dh (r 


"dil, T m 
e acp yer A Ue i eee cad 
CERES aptae) Yon 


Exercises 


Essay type questions : 


1. Explain with illustration and experimentation that light travels in straight line. 

2. Describe the construction and explain the action of a pin-hole camera. 

3. How are shadows formed ?.. Draw diagrams and explain how umbra and penumbra 
are formed when rays of light are intercepted by a spherical extended obstacle. 

4. Whatis the difference between illuminating power and illumination ? Which quantity 
is determined by a photometer ? Describe any one photometer you know. 

5, Describe a Lummer-Brodhun photometer and explain the method by which the 
intensity of two sources can be compared with it. UT. S. Exam. 1978] 


Short answer type questions ; 


6. Answer the following questions in connection with a pin-hole camera :—(i) What 
happens when the hole is enlarged ? (ii) What happens when the ground glass is moved further 
away from the hole ? (iii) What happens when the object is moved away from the hole ? 
(iv) What happens when the shape of the hole is changed ? 

7. Horizontal sunlight coming through a triangular pin-hole in a window falls on the 
opposite wall, Explain why we see a circular patch of light on the wall. 

8. What is the distinction between umbra and penumbra ? A bird flying close to the 
ground casts a shadow on the ground ; but when it flies up in the air there is no detectable shadow, 
Explain. 


Keewe- 165 $4 
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9, Draw diagrams to show the formation of umbra and penumbra for a spherical obstacle 
in the following cases :—(i) When the source is a point source (ii) When the source is a sphere 
smaller in size than the obstacle (iii) When the source is a sphere larger in size than the obstacle. 

10. Draw two neat diagrams to illustrate the occurrence of solar and lunar eclipses. From 
the diagram of the solar eclipse you have drawn, answer why (i) the eclipse is not visible from all 
places of illuminated hemisphere of the earth (ii) the eclipse is partial at one place and total at 
another (iii) the eclipse is not seen at every new moon ? 

11. Answer the following questions :—(i) When does lunar eclipse occur ? (ii) When 
does it have a partial eclipse ? (iii) Why does the moon look like copper-coloured disc during 
a total solar eclipse ? (iv) Why does lunar eclipse not take place on every full moon ? (v) Why 
do we not see annular lunar eclipse ? 

12. Define 'illuminating power' and 'intensity of illumination." [H. S. Exam. 1978) 

13. What is 'candle power' of a lamp ? Explain the following terms :—(i) Lumen 
(ii) Phot (iii) Lux (iv) Candela. 

14. What is the inverse square law in connection with illumination ? What is the basic 
principle of photometry ? 


Objective type questions : 


15. Puta4/ mark on the correct answer in the following cases :— 

(a): In which case do we see an annular eclipse ?  [Ans. | Solar, lunar] 

(b) What are the relative positions of sun, moon and earth at the time of solar eclipse ? 

[Ans. Moon is between the sun and the earth ; the earth is between the sun and the moon.] 

(c) What does a photometer measure ? 

[Ans. Luminous intensity ; illumination ; Lumen.] 

(d) Why does moon appear copper-coloured at the time of total solar eclipse ? 

[Ans. Sunlight falls on the moon ; light reflected by the earth falls on the moon ; the 
moon has no light of its own.] 


Numerical Problems ¢ 


16. A dark room 10 ft. square with white walls has a small hole on the centre of one wall. 
An image of a tree 11 inches high is formed on the opposite wall, the tree being 55 ft. high and 
situated at certain distance outside the hole. How far is the tree from the hole? [Ans. . 600 ft.] 
17. The distance of the pin-hole to the plate, in a pin-hole camera, is.8 inches. How far 
from a tree 200 ft. high must the camera be placed to get the whole image of the tree on the plate 
if it is 6 inches high ? ' Ans. 2666 ft.] 
18. A candle flame 2 cm. high is at a distance of 15 cm. from the pin-hole of a pin-hole 
camera. Find the size of the image when the screen of the camera is placed 25 cm. from the 
hole. [Ans. 3:333 cm.] 
19. There is a pin-hole on the window of a room 10 ft. wide. The image of a tree outside 
is formed on the opposite wall. If the height of the image is 4 ft. and the distance of the tree 
from the window 30 ft., what is the height of the tree ? [Ans. 12 ft.] 
20. A 6cm high image of a tower is formed inside a pin-hole camera when placed at some 
distance from the tower. From another point 10 metre further from the previous position in 
the same straight line, the image is 4 cm in height. What is the height of the tower ? Camera 
box is 20 cm long. [H.S. Exam 1985] [Ans. 6m] 
21. A pin-hole camera takes a picture of the sun. The screen is 100 cm. from the hole 
and the sun subtends an angle of 3^ at the hole. Find the diameter of the image formed on the 
screen., What would happen if a convex lens of focal length 100. cm. is kept at the position of 
the hole ? [Ans.. 8:72 mm. ; brighter image] 
22. Acircular uniform source of light, 4 inches in diameter is placed at a distance of 3 ft. 
from a spherical opaque body 2 inches in diameter. Find the shortest distance from the latter 
at which a screen may be placed so as to have no umbra in the shadow cast upon it. 
[Ans. 3 ft.] 


— 
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23. Find the least height from the surface of the earth at which, when a bird flies, it will 
cast a shadow on the earth without umbra ? The wings of the bird are 2 ft. wide, the diameter 
of sun=9 x 10° miles and the distance of the sun from the earth=9 x 10" miles. - [Ans. 200 ft.] 


24. The diameter of the sun being taken as 9x 10* miles and its distance from the earth 
9x 10’ miles and the diameter of the moon 2100 miles, find the distance of the earth from the 
moon at the time of a solar eclipse when the eclipse is total only at a single point on the earth. 

: [Ans. 21 x 10* miles) 

25. The diameter of the sun is 9x 10° miles, its distance from the earth 9 x 10’ miles, the 
diameter of the moon 2100 miles and its distance from the earth 2,09,000 miles. Find the diameter 
and the area on the earth within which the solar eclipse is total. [Ans. 10 miles ; 78-5 sq. miles] 

26. What is the luminous flux in space from a point source of luminous intensity 250 basic 
S.I. units ? A small piece of paper is held at a distance of 5 metres from it perpendicularly to 
the rays of light. What is the illumination on the surface of the paper ? If the paper be turned 
through an angle of 60°, what would be the illumination ? 

[Jt. Entrance 1983] [Ans. 3140 lumen ; 10 candle per m*; 5 candle/m*] 

27. Illuminating powers of two sources 12 ft. apart are as 16 : 25. Find the point on the 
line joining them, where the illumination due to the sources is the same. 

[Ans. 5:3 ft. from the weaker source] 

28. A photographic print is found to be satisfactory when the exposure was for 15 sec. at 
a distance of 2 ft. from a 16 c.p. lamp. At what distance must the same paper be held from a 


32 c.p. lamp in order that an exposure of 20 sec. will give the same result ? [Ans. 3:23 ft] 
29. An illumination of 6ft. candle is needed at a distance of 4 ft. from a candle. What 
should be the candle power of the lamp ? [Ans. 96 c.p.] 


30. A standard candle and a gas-lamp are placed 6 ft. apart. The illuminating power of 
the gas-lamp is 4 cp. Find, at what point on the line joining them the illumination on a screen 
due to the sources is the same. [Ans. 2 ft from the standard candle} 

31. Two lamps of illuminating powers 32 and 16 c.p. are placed 1 metre apart. Find at 
what point on the line joining them, the illumination on a screen due to the sources is the same. 

[Ans. 41:4 cm. from the second lamp or 58:6 cm. from the first lamp.] 

32. A 300 c.p. lamp is suspended 5 ft. above the centre of a rectangular table 8 ft. x 6 ft. 
Calculate the illumination at (i) the centre and (ii) a corner of the table. 

[Ans. (i) 12 ft. candle (ii) 4-24 ft. candle] 

33. A small screen is held 12 ft. from a source of light in such a position that the light is 
incident on it normally. It is then removed to 15 ft. and turned round so that the light is incident 
on its surface at an angle of 60°. Compare the illuminations in the two cases. [Ans. 25:8] 

34. Two lamps A and B producea balance on a photometer when placed 4 metres and 1 
metre respectively from a screen. If now a lamp 9 c.p. is placed by the side of A, it is found that 
the pair will have to be moved to a distance of 5 metres to restore the balance, B remaining at a 
distance of 1 metre. Calculate the c.p. of the lamps A and B. [Ans. A—16 c.p. B—1 c.p.] 


Harder Problems : 

35. Two lamps 4 and B, illuminate a photometer screen equally when their distances 
from the screen are 60 cm. and 30 cm. respectively. A plane mirror, with its reflecting face at 
right angles to the axis of the photometer bench is placed 7:5 cm. from B on the side remote from 
the screen. To restore balance, A is then moved 9 cm. nearer the screen. Compare the luminous 
intensity of B with that of its image formed by the mirror. [Ans. 1156/999) 

LA La - La Le LM nt 

[Hints : (608^ G9: .. (i) and Gp Go (ay c (ii) 
where LM--luminous intensity of the image.) 

36. Two lampsare placed 150cm. apart. A screen is placed between them so as to balance 
the lamps. Now the positions of the lamps are interchanged. To restore balance the screen 
has to be shifted through 45cm. Find the ratio of the illuminating power of the lamps. 

[Ans. 169:49] 
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/ 37; Two lamps A and B produce a balance on a photometer when placed 6 metres and 2 
metres respectively from a screen. If now a lamp, 12 candle power, is placed by: the side of A, it 
is found that the pair will have to be moved to a distance of 8 metres to restore the balance, B 
remaining at a distance of 2 metres as before. Calculate the candle powers of the lamps A and B. 

[Ans. 4—154; B=1-7] 
38. Theshadow which causes an eclipse is geometrically speaking a solid cone with its 
axis on the line joining the centre of the sun and the shadow-casting body. If the sun is 93,000,000 
miles from the earth and subtends an angle 32’ at the earth, find how far the earth's shadow 
extends from the centre of the earth. Find also the diameter of the earth's shadow at the point 
where the moon crosses it. The distance of the moon is 60 times the earth's radius. 
[Jt. Entrance 1981] [Ans. 877 x 10* miles ; 5788 miles]. 
39. An electric lamp is kept in a glass sphere of radius 20 cm. and is suspended from a 
height of 300 cm over à table. An opaque ball of radius 10 cm. is held under the lamp at a height 
of 100 cm. Find (a) the size of the umbra and penumbra formed by the ball (b) At what height 
should the ball be kept in order that its umbra vanishes ? [Ans. (a) 5 cm. ; 25 cm ; (b) 150 cm.] 
40, Two lamps A and B are placed.3 ft. apart and 4 ft above a horizontal platform. The 
illumination at a point on the platform vertically below B is 10 ft, candles, when only the lamp B 
is used. When both the iamps are switched on, the illumination at the same point is 14 ft 
candles. Calculate the luminous intensities of the Jamps. [Ans.. 4-125 c.p. ; B=160 c.p.] 
41. A screen. S is illuminated by two point sources 
A and B. Another source C sends à parallel beam of light 
towards the point P on the screen [Fig 1.21]. Line AP is 
normal to the screen and the lines AP, BP and CP are in one 
plane. The distances AP, BP and CP are 3 metres, r5 
metres and 15 metres respectively. The radiant powers 
of sources 4 and B are 90 watts and 180 watts respec- 
tively. The beam from C is of intensity 20 watts/m*. Calculate 
the intensity at P on the screen. 
ULT. 1982] [Ans. 14 watts/m?| 
42. Alamp ofilluminating power L is hanging vertically 
at a height / above the centre of a circular table. If the diameter 
Fig. 1.21 of the circular top of the table be d, prove that the intensity of 


d’ 
illumination at the centre is (H) an times the intensity at any point on the circumference 


of the table. 

43. Alamp is hanging along the axis of a circular table of radius r. At what height should 
the lamp. be placed above the table so that the intensity of illumination at the edge of the table 
is 4 of that at the centre ? {LLT. 1978] [Ans. r/4/3] 

44. Two sources of light, each 2 candle power, are placed on the same side of a Bunsen 
photometer. One is at a distance of 1 ft. and the other at 2 ft from the spot. Where must a 
third source of 5 candle power be placed in order that the appearance of each side of the photo- 
meter may be the same ? [Ans. 1-414 ft. on the other side] 

45. A lamp produces a certain intensity of illumination at a screen when situated at a 
distance of 85 cm. from it, On placing à sheet of glass. between the lamp and the screen, the 
lamp must be moved 5 cm nearer to the screen to produce the same illumination as before. What 
percentage of light is stopped by the glass ? - [Ans. 11-42%) 


REFLECTION OF LIGHT AT PLANE AND CURVED SURFACES 


2.1, Reflection of light : 

In the preceding chapter, it has been pointed out that light travels in 
straight lines in a homogeneous medium, But when light moves from one 
medium to another, a part of the light returns to the first medium in a straight 
line from the surface of separation of the two media. This phenomenon 
is known as reflection of light. Reflection of light produces a very important 
effect. The common objects around us are not self luminous but we are able 
to see them because they reflect light from the sun or other sources in all directions. 
Mirrors and polished surfaces reflect light strongly. We shall, in the present 
chapter, discuss the laws and other associate matters governing the reflection of 
light at plane and curved surfaces. 


2.2. Regular reflection : 

If the reflecting surface is smooth and polished, the reflected rays move 
in: a particular direction, depending upon the direction of) the incident. rays. 
In» Fig. 2.1. a beam of parallel rays is incident on a smooth reflecting surface. 
The reflected beam. is.also constituted of parallel rays. Such reflection is 
known as regular reflection. 


M, 
Fig. 2.1 Fig. 2.2 

In fig. 2.2, a single ray AO has undergone regular reflection at the reflecting 
surface M,M,. Here, AO, called the incident ray is the direction in which 
the light falls on the reflecting surface. OB, the reflected ray, gives the direction 
in which the ray is reflected. The point O where the light is incident on the 
reflecting surface, is called the point of incidence. 

A perpendicular ON drawn to the reflecting surface at the point of incidence, 
is called the normal. 

The angle made by the incident ray with the normal (i.e., / AON) is called 
the angle of incidence and the angle made by the reflected ray with the same normal 
(i.e., Z.BON)is called the angle of reflection. 


Ms 
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2.3. Diffuse reflection : 


When is light is incident on a surface which is not smooth but rough, 
the reflected light travels in a large number of directions, most of which 
bear no simple relation to the direction 
of the incident light. In fig. 2.2 (a) a beam of 
parallel rays is incident on a rough surface. Each 
ray of the beam undergoes regular reflection 
but since the surface is uneven, the normals 
drawn at different points on the surface will be 
directed in different directions. Hence the reflec- 

Fig. 2.2(a) ted rays will be scattered in all directions and will 

not form a parallel reflected beam although the 

incident beam is parallel. This kind of reflection is known as diffuse 
reflection. 

Ground glass, white paper, cinema screen, the walls of a room etc. produce 
diffuse reflection of light because all these surfaces are rough and uneven. Asa 
result, these surfaces look equally bright whatever be the direction at which they 
are looked. In the case of a plane mirror, however, since the reflection is regular, 
the portion of the mirror which reflects light, appears dazzling. 


A few important points : (i) When light falls on a black surface, no light is 
reflected by or transmitted through the surface. Black surface completely absorbs 
the light. For this reason, the inside of camera, telescopes and other optical 
instruments are black-painted in order to stop unwanted reflection of light. 
Exactly opposite thing happens in the case of a white surface, which does not 
absorb any light. This is why a white screen is used in cinema. The image on 
a white screen is very bright as there is no absorption of light. Moreover, a white 
screen provides a white background to black pictures which makes the pictures 
very distinct. 

(ii) Ground glass is not transparent ; but it becomes transparent when wet. 
Surface being ground, diffuse reflection of light takes place from its surface which 
makes the surface almost opaque. But when dipped in water, a layer of water 
sticks to the surface and the surface becomes almost smooth. In that case, 
emergence and regular reflection of light take place and the surface behaves like a 
transparent one. 


(iii) The eastern and western sky become red a little before the sunrise and 
sunset respectively. This is known as dawn and twilight respectively. This 
happens due to diffuse reflection of sun light by the dust particles and water 
particles suspended in air. 


2.4. Laws of reflection : 

(1) The incident ray, the reflected ray and the normal at the point of inci- 
dence lie in the same plane. 

(2) The angle of incidence is equal to the angle of reflection. 
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Normal incidence : When a ray of light is incident on a reflecting surface 
normally, the angle of incidence is zero. According 
to the laws of reflection, the angle of reflection is, 
therefore, zero i.e. the ray after reflection retraces its 
path. 

A ray AB is incident normally (Zi=90°) ona 
plane mirror MN [Fig. 2.3 (a)]. After reflection, it 
retraces the path and travels along BA. 


2.5. Deviation of a ray due to reflection : Fig. 2.3 (a) 


When a ray is reflected by a reflecting surface, it suffers some deviation. 
Consider a ray AO incident on. the 
reflecting surface XY at O, at an angle 
of incidence i= / AON. After reflection, 
the ray travels along OB [Fig. 2.3(b)] 
Angle of reflection / BON= Zi according 
to the laws of reflection. 

In absence of the reflecting surface, 
the ray would have travelled straight 
along AOC but due to reflection the ray 

Dé suffers a deviation which is measured by 
Cy the angle 7 BOC, known as the angle of 
Fig. 2.3(b) deviation. From the figure, it is clear 

that / BOC=180°— / BOA=180° —2i. 

Now, suppose, there are two reflecting 
surfaces PB and PC inclined to each other 
at an angle « [Fig. 2.3 (c)], and a ray AB, 
incident on the surface PB is reflected on to 
the surface PC, which again reflects the ray 
along CD. What will be the total deviation 
in this case ? 

If the angle of incidence at B is i and 
that at C is i, then from the preceding 
discussion, we can say that the deviation 
due to reflection at B=180°—2i and that Fig. 2.3(c) 
at C=180° — 2%. 

Therefore, total deviation 180° —2i+ 180° —2i,=360° — 2(i -- i) 

Now, from the ACBO, i4-i,—180^ — Z BOC 

Again from the quadrilateral PCBO, «=180°— ZBOC 

[Į ZPCO and / PBO each equal to 90°] 
a=i-+i, ; hence the total deviation after two reflections =360° — 2a. 

If the reflectors are inclined at an angle «=90°, the total deviation —360? — 
2x90*—180? which means that the incident and the emergeat ipa will be 
parallel to each other but their directions are opposite. 
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2.6. Image : 

A narrow pencil of rays coming out of a point source, after reflection or 
refraction, will either converge to a point or appear to diverge from a point. 
In either case, the second point is called the geometrical image of the point source. 

Images may be of two types: (i) real image and (ii) virtual image. 

Real image: A real image of an object is formed when a narrow pencil of 
rays coming out of the object converges to à point after reflection or refraction. 

Virtual image: A virtual image of an object is formed when a narrow 
pencil of rays coming out of the object appear to diverge from a point after reflec- 
tion or refraction. 

Distinction between real and virtual images : 

(i) A real image is formed by the actual intersection of the reflected or 
refracted rays but a virtual image is formed when the reflected or refracted rays 
appear to diverge from a point. 

(i) A real image can be seen by suitably placing the eye; it can 
also be cast on a screen. A virtual image, on the other hand, can only be seen 
but cannot be cast on a screen. 


2.7. Image formed by a plane mirror : 

M, M, is a plane mirror and P is a point object in front of it. A ray PO from 
the object falls normally at O on the mirror and 
is reflected back along OP. Another ray PO 
incident obliquely on the mirror is reflected along 
QR so that /PON=ZRON (Fig. 2.4). The 
two reflected rays OP and QR, when produced 
backwards, meet at P' ie, the reflected rays appear 
to diverge from P' which, therefore, is the virtual 


Fig. 2.4 image of P. 


Now, ZPQN= ZOPQ because QN and OP are parallel. 

For the same reason, LNOQR— LOP'Q 

So, Z0PQ— ZOP'Q ECLZPON-— LNQR] 

Now, take ^*QPO and QOP'. We have, ZOPQ= ZOP'Q 

and ZQOP= HOOR {i each is 90°] and QO is common to both. 

The triangles are equal in all respects. Hence, OP=OP'. 

i.e., the image P’ is as far back from the mirror as the object P is in front 
of it and the line PP’ intersects the section of the mirror perpendicularly. 

So, the image formed by a plane mirror has the following properties : 

(1) The distance of the object (OP) from the mirror—the distance of the 
image (OP’) from the mirror. They are also at equal distances from any 
point on the mirror (QP=Q?P’) i 

(2) The line joining the object and the image intersects the mirror perpendi- 
cularly. 

(3) The size of the object=the size of the image. 
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It must not be thought, however, that only virtual images are obtained with 
a plane mirror. If a convergent beam is incident on a plane mirror MN, the 
reflected rays pass through a point P in front of the p 
mirror [Fig. 2.5]. Here P is a real image because 
it can be received on a screen. The point Q where 
the convergent beam would have met had there 
been no plane mirror, acts, in this case, as a virtual 


object. MOON $5 N 
Comparing the figs. 2.4 and 2.5, we see that nb, on 

a real object (divergent beam) gives rise to a virtual NU 

image while a virtual object (convergent beam) gives Q 

tise to a real image. In each case, however, the 

image and the object are at equal distances from Fig. 2.5 

the mirror. 


2.8. Image of an extended object : 

PQ is an extended object in front of a plane mirror MM’. An extended 
object may be regarded as a combination of a large number of point objects, 
each of which will be imaged by the mirror. The combination of these images 
will give the final image of the extended object. 

From the point P of the object PQ, drop a perpendicular PM and produce 
it backward to P’ such that PM—P'M. P' 
will be the image of the top-most point P of 
the object (Fig. 2.6). Similarly, from the 
point Q, drop a perpendicular QM' and 
produce it backward to Q' such that OM’ 
—Q'M'. Q' will be the image of the lowest 
point Q of the object. Other points of the 
object between P and Q will have their 


Fig. 2.6 images in the same way, and they will all lie 
between P' and Q'. So, P'Q' will be the extended image of the extended object 
PQ [Fig. 2.6]. p! Z R P 


Fig. 2.7 shows how an 
eye can see the image by 
the reflected rays. Rays of 
light PO and PO’, coming ¢ 
from the point P, after re- 
flection at the mirror MM’, 
appear to the eye to diverge 
from P’. Similarly, rays OS 
and QS’, coming from the 
lowest point Q of the object, 
after reflection, appear to 


come from Q'. In this Fig. 2.7 
way, rays from other points of the object, will after reflection, appear to 


eie ed, 7 
MT 
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come from points lying between P’ and Q’ and the eye will see the whole image 


pio 

5 An important point to be noted in this connection is that depeading upon 
the positions of the eye and the object, the effective portion of the mirror in produc- 
ing the image is from O to S’, So, a mirror of length OS’ will be sufficient for 
the eye to see the entire image. The effective portion of the mirror will, of course, 
change if the position of the eye or of the object is changed. 


2.. Multiple reflections at two mirrors : 

(A) Two parallel mirrors: You may have noticed that a large number 
of images are formed of an object placed between two parallel mirrors. All 
these images lie on a straight line which passes through the object perpendicular 
to the mirrors. 

M, and M, are two plane mirrors kept parallel to each other and P is a 
point object placed between them. A perpeddioulár 1 is drawn from P on M, M; 
and it is produced -on both 
sides of the mirrors. Let the 
perpendicular intersect the 
mirrors M, and M, at O, and 
O; respectively (Fig. 2.8). 

Suppose the reflection 
takes place at the mirror M, 
first. Take a point P, on the 
perpendicular such that 

0,P,—0,P. 

Now, rays of light 
coming from P after reflection 

Fig. 2.8 at the mirror M, will appear 
to come from P, which is the image of P formed by the mirror M,. Some 
of the rays, like P,P., will again be reflected at the mirror M», which will appear 
to come from P, such that O,P,—0;,P,. The mirror M,, therefore, produces an 
image P, ofthe object P;. Since P, is in the front of the mirror Mi, the mirror M; 
will again formran image P, of it, so that O,P,—0O;P,. In this way, a number of 
images P}, Pa, P, etc will be produced. 

Now, let us consider that the reflection takes place at the mirror M, first. 
Another series of images will be formed in the same manner, If P' be the first 
image of this series, then O,P=O,P’ ; Since P” lies in front of the mirror M;, an 
image will be formed at P" where O;P'—O,P" and so on. 

The series of images produced in the first case is called A-series and that 
produced in the second case B-series. Their positions may be found out in the 
following away.: 
^ Positions for the A-series : 

LetP,0,—O,P—a .. PP,—2a, Again P,0:—0O,P, ; 

Now, PP,—PO | -O,P, - PO,--P,0,— PO (P,P-- PO) msi 

=2b+2a=2c (say) where PO,= 
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Also, O,P2=O,P; 

Now, PP,=PO,+0,P,=PO,+ 0,P,=PO,;+-(PO,+PP,)=2P0,+PP,=2a+-2¢ 
In this way, if P, be the image of P;, then PP,—4c and PP,—4c--2a 

Hence, for 2n'^ image, PP2,=2n.c and for (2n4- 1)^ image, PPan 41 —2nc4-2a 


Positions for the B-series : 
The first image being P", O,P—O,P' ; proceeding in the same way, it may be shown that 
if P'an be the 2, image in the ‘B-series, then PP’,,=2nc and PP'4541—2nc 2b. 
Theoretically, therefore, we will get an infinite number of images of an 
object placed between two parallel mirrors. The more remote the images, the 
fainter they become, since some of the light energy is absorbed by the mirror at 
each successive reflections. 
Example : Two parallel plane mirrors facing each other are a cm. apart. 
A. small luminous object is placed between them b cm. from one of the mirrors. 
Find the distance from the object of an image produced by four reflections. 
[H. S. Exam. 1984] 
Ans. P is the object between the plane mirrors M; and M; placed b cm. 
from the mirror M, [Fig 2.9]. The distance of the first image P, from the mirror 
O,M,—b. So, the distance of P, from 
OM, the second mirror—O;P,--O;0; 
—(b--a) ; now the distance of the image 
(2nd) P, formed by the mirror M; from 
it—O.P,;=O.P,;=(a+b). Again distance 
of this image from the mirror M, 
—0;P,--0,0,—a--b--a—2a--b. So, the 
distance of the image P, (3rd) formed 
by the mirror M, from it—(2a4-5) and Fig. 2.9 
its distance from M,=2a-b+-a=3a+b 
Thus, the distance of the fourth image P, from M,=3a--b. i.e. O;P,-3a--b. 
Now, the distance of P, from the object P—PP,—O,P,--O,P—(3a--5) 
-F(a— b)—-4a. 
Practical application of parallel mirrors : 
Simple periscope : A simple periscope consists of two plane parallel mirrors 
M, and M; facing each other at an angle of 45° to the line joining them (Fig. 2.10). 
They are mounted in a wooden frame or in a 
M, metallic tube and are capable of turning about a 
vertical axis. Keeping the instrument vertical 
and looking through the lower mirror Ms, distant 
objects will be visible. The periscope is used to 
see over the heads of a crowd or over the top of 
any obstacle. Rays of light coming from distant 
object will be reflected along the axis of the tube 
by the mirror M, and will fall on the mirror M, 
which, again, reflects the rays in a horizontal 
direction. The rays, then, reach the eye of the 
Fig. 2.10 observer. 
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Many people watch football matches in Calcutta with the help of simple 
periscopes over the heads of a crowd in the maidan. Soldiers use this periscope 
to watch the movements of the enemy soldiers from a trench. . Periscopes used 
in submarines are more elaborate than the simple type described here. Prisms 
are used instead of mirrors in such periscopes (See prism periscope). 


(B) Two mirrors at right angles to each other : 

` M, and M, are two plane mirrors inclined to each other at right angles i.e., 
ZM,OM, is 90°. Pisa point source of light (Fig. 2.11). Dropping a perpendi- 
cular PAP, on M;O, if PA is made equal to PA, then P, is the image of P formed 
by the mirror M,O. Again, since P, lies in front of the mirror MO, the mirror 
will produce an image of P,. To get the position of the image, produce the line 
M0 and draw a perpendicular P,CP, on it, such that P,C—P;C. P, will, then, 
be the image of P,. Fig. 2.11 shows how the rays of light will be reflected in order 
that an eye may see these images. Since P, lies at the back of both the mirrors, 
no further images will be produced. 

Again, looking through the mirror M,0 first; another set of images will 
be seen. The first image of this series is at P^ such BP=BP’. The mirror M,O 
will again produce an image of P' 
since P' lies in» front of it. To get 
the position of this image, produce the 
line M,O and draw a perpendicular 
P'D and extend it to P", making 
P'D—P'D. P" will be the image of 
P'. No further images will be formed ; 
for P" lies at the back of both the 
mirrors. With the help of simple 
geometry, it can be proved that P, 
coincides with P". Geometrically, the 
object P and all the images (P, P’ 
and P, or P") lie on a circle whose 


, Fig. 2.11 
centre is the intersection (O) of the mirrors and the radius is OP. 
(C) Two mirrors inclined at any angle : 
M; and M; are two plane mirrors inclined to each other at an angle AM;O M, 


(Fig. 2:12). P is a point source of light placed between 
‘them. Draw a perpendicular PQ from Pon M40 and 
produceitto P, such that PO=P,Q. P, is the image 
of P. The mirror M;O will now produce an image 
‘of P, and its position P, will be obtained by drawing 
a perpendicular P, Q,P, on M,O so that P,0, —P,Q,. 
In this way, images will be formed until the final 
image falls behind the mirrors. 

Again, considering the reflection by the mirror 
_M,0, the point source P will have another series of 
images like P', P" etc, : 


Fig. 2.12 
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Now, take A*POQ and P,0Q. PQ=P,Q and 400P- /.00P, 
(each being 90°). 

QO is common to both the triangles. 

Hence, the triangles are equal in all respects. We, therefore, get PO=P,0. 
In the same way, it may be proved that P,O=P,0=P'0=P"0=ete. 

Geometrically, the object P and all the images lie on a circle whose centre 
is O and radius is OP. If /.M,0M;-—9, it may be proved that the number of 


images produced -(T - ') ; For example, if the mirrors make an angle 60° 


between themselves the number of images of an object produced by them is given 


360 
by, "S 1)=5. 


Applications : the Kaleidoscope: It is an interesting toy for the children. 
Its basic principle is the formation of a number of images by inclined mirrors. 

It consists of three strips of plane mirror, placed at an angle of 60° to one 
another inside a cylindrical tube. One end of the tube is closed by a piece of 


HOLE 


CLEAN GLASS PLATE 
“GROUND GLASS PLATE 


(i) 


(i) 


Fig. 2.13 
a hole at its centre. At the other end of the tube, there is a 


hard cz«dboárd with i 
On the plate are placed small pieces of 


gróund-glass plate to admit light. 


/coloured glass. The pieces are then covered by 4 transparent glass plate [Fig. 


243 (i). On looking through the hole in the cardboard, five images of each 


piece of glass are seen. All these images together with the objects form à sym- 
Fig. 2.13 ©- As the tube is slowly rotated, the respective 


metrical pattern [ à 1 
and a variety of patterns is obtained. 


positions of the glass pieces change 
2.10. Rotating mirror : i 
If a plane mirror is turned through an angle 9, à fixed ray of light reflected 
therefrom, turns through 29. This is the principle ofa rotating mirror. 
Ph. 1—3 
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Consider a plane mirror MM on which a ray of light AO is incident (Fig. 
2.14. The ray is reflected along OB. ON is the normal to the reflecting surface 


at O. According to the laws of reflection, 
ZAON=ZBON. Suppose, each of 
them is x. Then, / 40B—2». 

Suppose now that the mirror is 
rotated through an angle 0 to the position 
M,M,. The normal ON will also rotate 
through the same angle. Let the new 
position of the normal be ON,. 


Fig. 2.14 


According to the laws of reflection, / AON,= Z B,ON, 

But ZAON,=0+0; So, /AOB,—2(--0). 

A LBOB— ZAOB,— / AOB-—2X(a--0) — 2a.—20. 

Hence, it may be said that the reflected ray turns through 20. 

It is to be noted that if the plane mirror MM is rotated in a horizontal plane 
about the axis ON, the angle of incidence does not change and hence there is no 
rotation of the reflected ray. The reflected ray rotates only when the plane mirror 


is turned through an angle in the vertical plane. 


2.11. A few problems in connection with plane mirrors : 


(1) Jf an object moves towards or away 
from a plane mirror, its image will move 
likewise. 


Consider a point object P at a distance 
D from a plane mirror M (Fig. 2.15). 
Its image P' will be formed at the back of 
the mirror at the same distance D from it. 
If the object now moves through X towards 
the mirror, its distance from the mirror 
—D- X. Hence, the distance of its image 
from the mirror is also D— X. The displace- 
ment of the image is, therefore- D—(D— X) 
=X, 

(2) If a plane mirror moves towards 
or away from an object, its image will 
likewise move through double the distance. 


So, 


Suppose, that the ray AO is now 
reflected along OB,. 
ray rotates through an angle— / BOB,. 


the reflected 


gM 
p’ z m-— e 
OS aee 


Ans. Suppose that the object point P is at a distance D from the 
plane mirror M, which will produce an image P’ at the same distance behind 
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it [Fig. 2.16 (i)].. If the mirror now moves through a distance X toward the 
object, then, the present object distance 
=D-—X [Fig. 2.16 (ii)]. 

So, the image P will now beat a distance 
(D— X) behind the mirror. 

Initial distance between the object and 
its image—2D. 

Present distance between the object 
and its image—2(D — X). 

Since the object is fixed, the displace- 
ment of the image—2D —2(D— X)—2X. 

So, if the mirror moves through a distance X towards the object, the 
image moves through a distance 2X likewise. 


Fig. 2:16 


(3) Two plane mirrors are inclined to each other. A ray of light coming 
parallel to the first mirror falls on the second and after reflection, is incident on the 
first. Being reflected by the first mirror the ray emerges parallel to the second 
mirror, Find the angle between the mirrors. 


Ans. Suppose two mirrors M; and M; are inclined to each other at an angle 


ZM,OM, A ray of light AB, parallel to the mirror M; is incident at B. on the 
mirror M; and is reflected along BC so 


that it falls on the mirror My, Itis again 
reflected along CD, parallel to the mirror 
M; (Fig. 2.17). 

Since AB and M,O are parallel and 
OM, intersects them, / ABM,— Z.M;OM; 
=0 (say). ; 

Again, since CD and M,O are 
parallel and-.M;O cuts them £M,CD= 
ZM,0M,=9. 

Also, since AB is the incident ray 
and BC its reflected ray, ZABM,= ZCBO 
=6; for the same reason, £M,CD= 
Fig. 2.17 ZBCO=0. 

BC are equal to one another. Hence 


So, the three angles of the AO. 
2ZM,0M,=60°. 
cident on a horizontal plane mirror at an angle of 45°. 


(4). A ray of light is in 
After reflection, some of the light, is incident on another plane mirror. If the ray 
reflected by the second plane mirror travels horizontally, find the angle between the 


mirrors. 
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- "Aus. Suppose OM, is the horizontal plane mirror and OM, the second 
mirror [Fig. 2.18]. Let the angle between the 
mirrors be 0. According to the laws of reflection, 
ZABM,= / OBC—45* 

Again, since CD and OM, are parallel, 
ZDCM,=9. 

According to the laws of reflection, 
ZDCM,= Z BCO —0. 
Now, in ACOB, / OCB-- / CBO + ZCOB=180° 

"B t or 0+45°40=180"; .. 0—67p 

Fig. 2.18 So, the angle between the plane mirrors =67}°. 
~ S MN is a plane mirror. AB and BC are the incident and reflected rays. 
D is any point on the mirror. Prove that AB+BC<AD+ DC. 


Ans. In fig. 2.19, AB is the incident ray, and BC, the reflected ray. A’ is the 
image of A. Hence CBA’ is one single line. A c 

AsAMB and MBA’ are equal in all (0) 
respects because 4M—A'M, MB is common 
to both and Z AMB= / A'MB-90*. 

S AB=A’'B 

For the same reason, AD=A’D. 
Now, AB-- BC—A'B-4- BC—A'C. 

But we know, sum of the two sides of 
a triangle is greater than the third side 
ie, A'D4 DC>A'C , 

or AD+DC>AB+-BC [t A'D—AD] A 

or AB+-BC<AD+-DC Fig. 2.19 

Thus, the path followed by a ray of light from one point to another by way 
of reflection at a plane reflecting surface is the least. This is known as Fermat’s 
Principle of least path. 

(6) Prove that the minimum length of a plane mirror through which a man 
can see the full image of his body is half the height of the man. 

Ans. Let AB be the height of the man and E his eye [Fig. 2.20]. PQ is the 
mirror in front of the man. Draw a perpen- 
eI dicular from 4 on PQ and produce it equally 

M, E to A” so that 4P— A4'P. A’ is the image of 
A. Join A’ with E and suppose it cuts the 
mirror at M,. Rays of light, starting from 
A, after being reflected by the mirror, will 
appear to the eye E, as if they come from the 
point A’. In other words, if the mirror 
R extends up to M,, the image A, will be visible. 
Q g.: Similarly, to make the lowest point 2 visible 

i to the eye, the mirror should extend up to 
f Tem Ms. So, the minimum length of the plane 
mirror is M, M, 


Dy 
v 
> 


] 
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Since, P is the mid-point of the arm AA’ of the AAA'E, and since PM, 
is parallel to AE, the point M; is the mid point of A'E. 

For similar reason, M; may be proved to be the mid-point of B'E. 

Now, in the AEA'B', M, and M, are the mid-points of A'E and B’E 
respectively. So, M,M, is parallel and half of A’B’. So, the minimum size of 
the mirror is half the height of the man. 

(7) A plane mirror is fixed on the wall of a room and a man stands in front 
of the mirror at the middle of the room. Find the minimum height of the mirror 
through which the man can see the full image of the wall behind him. 

Ans. Suppose AB and CD are the two walls and EF the position of the man 
at the middle of the room, E being 
the eye of the person (Fig. 2.21). 
Produce AC to A’ to make AC=A’C. 
Similarly produce BD to B' to 
make BD-—DB'. Evidently, A'B’ 
is the image of the wall AB, 

Join E with A’ and B’. 
Suppose, the lines intersect the wall 
CD at M and N respectively. MN : 
will be the required length of the Fig. 2.21 
mirror for, the rays of light, starting from A and B after being reflected by the 
mirror MN, will appear to come from A’ and B’ respectively. 

Now FD=FB and B'D—DB. .. DF=}B'F 

Since DN and EF are parallel and DF=}B’F, NE=}B'E 

For similar reason, ME—1A'E. 

Now, take the similar A*A'EB' and MNE. We have, 

MN ME NE SAE MN LAB gAB 


AB AE BE 3 
the minimum length of the mirror=} x height of the wall. 

® A plane mirror, 3 ft high, is fixed against a vertical wall, the top of the 
plane mirror being 6 ft above the ground. The eye of a boy is 5 ft above the ground 
and he stands 4 ft away from the wall. (i) What length of the mirror is effective 
for the boy to see image through the mirror ? (ii) What portion of his body will 
be visible through the mirror ? 

Ans. Let M,M,(=3 ft) be the plane mirror 
and BB, the floor of the room. AB is the height 
(=5 ft) of the eye of the boy [Fig. 2.22]. Accor- 
ding to the problem M,Q=6 ft and M,M,=3 ft. 

If AP is produced to A, such that AP— A;P, 
A, represents the image of the boy's eye. It is 
E i S clear from the figure that the portion PM, 

— M of the mirror is effective in producing the 
Fig. 222 image. 
Now, PM, MM, M,P— M,M;—(MiQ — AB)=3 - (6—5)—3— 1—2 ft. 
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Joining A to M; and producing the line AM, to cut the line of the image A,B, 
at C, it is clear that the boy will see the portion AC or A,C, of his body through the 
PM, = AP. or. A CAN = 4 
EAA (AC, 8 
5, AC ft. 

So, the boy will see 4 ft length of his body. 


mirror. Now, the A‘APM, and AA,C, are similar. So, 


2.12. Spherical mirrors : 


A spherical mirror is a portion of a 

M glass sphere silvered on one surface to reflect 
gerere light regularly. There are in general, two 
types of spherical mirrors :—(1) Convex and 
(2) Concave. 

If the outside surface of a portion of 
glass sphere MOM is silvered and light is 
reflected by that surface, the mirror is called 
"n a convex one [Fig. 2.23 (b)]. Fig. 2.23 (a) 
(a) Fig. 223 (b) shows the actual shape of a convex mirror. 


; 
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If the inside surface of a portion of a glass sphere MOM is silvered and 
light is reflected by that surface, the mirror 
is called a concave one [Fig. 2.24 (a)]. 
Fig. 2.24 (b) shows the actual shape of a 
concave mirror. 


2.13. Some important definitions in 
connection with a spherical mirror : 


(i) Pole: The pole of a mirror 
is the centre of the reflecting surface or 
the face. In figures 2.23(b) and 2.24(a), 
O is the pole of the mirror. (a) Fig. 2.24 (5) 

(ii) Centre of curvature: The centre of curvature is the centre of the 
sphere of which the mirror is a part. In figs. 2.23(b) and 2.24(a), C is the centre 
of curvature of the mirror MOM. 

(ii) Principal axis: The principal axis is the line obtained by joining the 
pole and the centre of curvature of the mirror. In the figures shown above, OC is 
the principal axis of the mirror MOM. 


(iv) Radius of curvature : The radius of the sphere of which the mirror is 
a part is called the radius of curvature of the mirror. In figs. 2.23(b) and 2.24(a), 
CO is one of the radii of curvature of the mirror MOM. 


IUE Aperture $ The aperture of a spherical mirror is the angle subtended 
by the mirror itself at its centre of curvature. In figs. 2.23(b) and 2.24(a) the 


angle subtended by the arc MOM at thè centre of curvature C of the mirror is the 
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aperture of the mirror. In our subsequent discussion of the spherical mirrors, 
we shall always consider mirrors of small aperture not exceeding 10°. 

(vi) Principal focus ; Suppose MOM is a convex or a concave mirror. 
A parallel beam of rays, parallel to the axis of the mirror falls on the mirror 


M M ————— 
—— 
M 
(a) Fig. 2.25 


[Fig. 2.25(a) and (5). In the case of a concave mirror, the rays after reflection 
meet at a point F on the axis and in the case of a convex mirror, the rays 
after reflection, appear to diverge from a point F on the axis. This point F is 
called the principal focus of the mirror. 

(vii) Focal length : The focal length of a spherical mirror is the distance 
between the pole of the mirror and the principal focus. 

(viii) Focal plane and secondary focus: Ifa plane be imagined to be drawn 
through the principal focus of a mirror, perpendicular to the axis, the plane is 
called the focal plane of the mirror [Fig. 2.26]. 

If a beam of parallel rays be incident on a mirror slightly inclined to the 
axis, the rays after reflection converge toa point F, lying on the focal plane in 


A 


ch PLANE 
i 2 x 
v m f 


iE 


OCAL PLANE 


(a) Fig. 2.26 (b) 
the case of a concave mirror [Fig. 2.26(a)] and appear to diverge from a point F, 
lying on the focal plane in the case of a convex mirror [Fig. 2.26(5)]. F, is called 


the secondary focus of the mirror. 
It is to be borne in mind that the principal focus of a spherical mirror is a 


fixed point but the secondary focus is not à fixed point. 
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2.14, Relation between the focal length and the radius of curvature of 
M `> a mirror ; 

In Fig. 2.27 PA is an incident ray 
parallel and close to the principal axis OC of a 
concave mirror MOM. The reflected ray AF 
passes through the principal focus F. Join A with 
C. Then AC is the normal to the mirror surface 
at A. According to the laws of reflection, / PAC— 
ZFAC. 

Again, since AP and OC are parallel to each 
Fig. 2.27 other, /PAC—/ ACF .. ZFAC=Z ACF. 


Hence, AF=FC ; since the aperture of the mirror is small, the point A is 
very close to O. 


*; AF=OF and:OF =FC ies or- SE. 


If f be the focal length and r the radius of curvature, f- 


In the same way, it can be proved that for a convex mirror fy 


2.15. Image formation by spherical mirrors : 


When an object is held in front of a spherical mirror, an image is formed 
whose position, size and nature can be found out by geometrical ray drawing, 
for if the focus and the centre of curvature of a mirror are located we can 
determine the direction in which some specific rays are reflected by the mirror. 
For example, 


(i) Rays passing through the centre of curvature are reflected back along 
their own paths. 

Gi) Rays parallel to the principal axis are so reflected that they pass through 
the principal focus. 

(ii) Rays passing through the principal focus are reflected parallel to the 
principal axis. 

Using the above three rays or any two of them, the position, size, etc., of 
the image may be found out. 

Figs. 2.28-2.33 show how the image formed by a concave mirror for different 
positions of an object placed on the principal axis can be obtained with the help 
of the above-mentioned rays. In all these diagrams, the object is represented by 
a vertical line PQ and the image by another vertical line pq. 
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OBJECT BETWEEN F AND O 
THE IMAZE IS 

(3) BSHINDTHE MIRROR 

(ii) VIRTUAL AND ERECT 

(ili) LARGER THAN OBJECT 


Fig. 2.28 


OBJECT AT F 
THE IMAGE IS AT INFINITY 


Fig. 2.29 


THE IMAGE IS 
G) BEYOND C 

(ii) REAL AND INVERTED 
GÜ) LARGER THAN OBJECT 


Fig. 2.30 


uM OBJECT AT C 
h THE IMAGE IS 
(i) ATC 
(ii) REAL AND INVERTED 
ÉM (Hi) SAME SIZE AS THE OBJECT 


Fig. 2.31 


OBJECT BEYOND C 
THE IMAGE IS 
() BETWEEN C AND 
(ii) REAL AND INVERTED 
Gii) SMALLER THAN OBJECT 


Fig. 2.32 
FROM INFINITY * SPR E ae 
(i) ATF 


(ii) REAL AND INVERTED 
M (iti) SMALLER THAN OBJECT 


Fig. 2.33 


. 


> 


OBJECT BETWEEN F AND C 


4l 
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Starting with the fig. 2.28, where the object PQ is situated between F and O, 
it will be seen that rays no. 1 and 2 have been used to locate the image of the 
point P of the object. On drawing the two reflected rays, they appear to diverge 
from the point p behind the mirror. p is, therefore, a virtual image of P. Ifthe 
same construction is carried out for other points of the object PQ, a correspoad- 
ing set of virtual image points will be obtained on the vertical line pq. In this 
case, the image formed is larger than the object, virtual, erect and behind the 


mirror. j 

In fig. 2.29, the object is shifted to the principal focus of the mirror. Rays 
from any point of the object, after reflection at the mirror, will be parallel to one 
another. Under these circumstances the rays are supposed to form an image 
at infinity. 

Figs. 2.30—2.33 show how the image changes its position, size and nature 
as the object PQ is gradually moved away from the mirror to infinity. It is to be 
noted that in all these cases, the image is real and inverted. Further, the image 
becomes smaller and smaller as the object moves away from the object. 


In the diagrams, full lines are used, according to the usual practice to 
represent real rays, objects and images, while dotted lines are used to represent 


virtual rays and images. 


Formation of images by a convex mirror : 


Unlike the concave mirror, which can produce either real or virtual images 
according to the position of the object, a convex mirror forms only virtual images. 
The images are always erect and smaller than the object and are formed between 
the focus and pole of the mirror. 

PQ is an object in front of a convex mirror OL. A ray PL from the point P 
on the object is incident on the mirror in a direction parallel to the axis. It will 
be reflected along LM such that the ray appears to diverge fiom the focus F. 

- : Another ray PN, moving towards the 
centre of curvature C of the mirror, 
is reflected back along its own path. 
These two reflected rays do not 
intersect at any point but when 
produced backwards, appear to 
diverge from p. So, p is the virtual 

Fig. 2.34 image of P. In the same way, the 

images of other points on the object 

may be found out. From the diagram (Fig. 2.34) it is seen that the image pq is 
virtual, erect and smaller than the object. 


Graphical construction of image : 


The position of an image formed by a spherical mirror can be located 
accurately by graphical construction. The procedure is as follows : 


Draw a horizontal line OC on a graph paper. The line will represent the 
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principal axis of a spherical mirror [Fig. 2.35]. Draw another line MOM" per- 
pendicular to CO. This line represents the plane through the pole of the mirror. 


Length of 1small division = 1c m. 


Fig. 2,35 


Suppose, the mirror is concave with a focal length of 10 cm. Now, if the scale 
is selected in such a way that 1 small division represents 1 cm, then a point F 
at a distance of 10 divisions from O will locate the focus of the mirror. Since, 
the radius of curvature of the mirror is double the focal length, a point C at a 
distance of 20 small divisions from O will give the centre of curvature of the 
mirror. 

Now, an image of an object 5 cm high and situated 15 cm from the mirror 
is to be constructed. In this case, a point P is to be taken at a distance of 15 
small divisions from O. A perpendicular PQ, 5 small divisions in height is to be 
drawn on the line OC. PQ, then, represents the object. Two incident rays 
are now taken—one parallel to the axis and incident on the mirror at 4 and the 
other passing through the focus and incident at M'. The first ray, after reflection 
at the mirror passes through the focus Fand the other goes parallel to the axis. The 
reflected rays intersect at g which is the real image of Q. Drawing a perpendicular 
pq on the axis, the whole image is obtained. It is found that the image is situated 
30 small divisions from O. So, the image distance, according to the scale —30 cm. 
Also, the height of the image pq is equal to 10 small divisions. So, the height 
of the image, according to the scale is 10 cm. The magnification=1°=2, 

Same results will be obtained if calculations are made with the help of mirror 
equation. Needless to say that the same graphical method may be employed in 
the case of a convex mirror for locating the position and height of the image. 


2.16. Convention of sign : 

While drawing the images of an object placed at different positions, we 
have seen that the image is sometimes formed in front of and sometimes, at the 
back of the mirror. To specify different image distances and object distances, 
suitable sign convention need be adopted. The usual convention is as follows : 

Taking the pole of the reflecting surface as the origin, distances measured in 
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the same direction as the incident light will be counted negative and those measured 
in the opposite direction will be counted positive. 

According to this convention, the focal length of a concave mirror is positive 
while the focal length of a convex mirror is negative. | [Figs. 2.25(a) and (5)]. 


2.17. Relation between the object distance, the image distance and the focal 
length of a spherical mirror ; the mirror equation : 

(i) Concaye mirror: PQ is an object standing perpendicular to the axis 
of a concave mirror MOM. Two rays, starting from P, one parallel to the axis 
of the mirror and the other directed towards the centre of curvature C, after reflec- 
tion have produced the real image p [Fig. 2.36]. pq is the full image of the object. 

Here, focal length OF—f' ; the image distance Og=v ; the object distance 
OQ=u. According to the convention of sign, all the distances are positive. Now, 
draw a perpendicular AB from A on the axis. 


From similar A! PCQ and pCq, we have, 


PO "Co 
pq C4 
Again, from similar A* ABF and pFq 
AB BF 
we have, — = — 
pq Fq 
But as AB=PQ, we get, 2 AE 
Pq Pq 
CQ BF OF 
Cg Fq Fq 
Fig. 2.36 [Since the aperture of the mirror is very small] 
But, CQ—(u—2f) ; Cq=Qf—v):; OF=f: Fa=(-f/) 
MRE odi 
"2f-v v-f 
or, uy—uf — 2fo-- 2f*—2f* — fv or, uv=uf+ Uf 
: Aii rg tdt 
or, -—--r- di by u.9.f. 
r, j ot Dividing y u.v.f.] 


(i) Convex mirror: Consider an 
object PQ standing perpendicular to 
the axis of a convex mirror MOM. Two 
rays, starting from P, one parallel to the 
axis of the mirror and the other directed 
towards the centre of curvature C, after re- 
flection have produced the virtual image p 
[Fig. 2.37]. pq is the full image of the object. 
Here, focal length OF— —f'; the image dis- 
tance Og=—v and the object distanceO Q—u. 
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A perpendicular AB is drawn from A on the axis OC. Now, from similar 


A*PCQ and pCq, we have, PQ _ CQ 
pq C4 
Also from similar A*ABF and pFq we get AP gr 
pq Fg 
Since AB=PQ, we can write, AB - PO 
pq P4 


C B. OR. : 
Q Ry Or (since the aperture 1s very small) 


C Fq Fa 
But, CQ=u+(—2f) ; Cq=—2f-(-%) ; OF=—f ; Fa=-f-(-)- 
ut(—2f) vif pec B An 


CO MC» Y v-of f-* 
or, uf —uy—2f?+-2f.v=f.0— F or, uv=f.vo+uf 
or, = L i P (Dividing both sides by u-v. f:] 


The above equation is called the mirror equation. 


2.18. Pair of conjugate focii : 


If the distances of two points from the pole of a mirror are u and v along 
the principal axis, and if they are applicable to the mirror equation viz, 
Lp t= ; the points are called the pair of conjugate focii. From the above 
clear that the equation remains unchanged if u and v are 
tions of an object and its real image are 
2.33, it is seen that if the object 
be formed in the 


equation, it is 
interchanged. In other words, the posi 
interchangeable. Referring to the figs. 2.30 
PQ is placed in the position of the image pq, the image will 
previous position of the object. 


So, conjugate focii are any pair of points such that an object placed at one of 


them, gives rise to a real image at the other. 


2.19. Linear magnification : 
Linear magnification is defined as the ratio of height of the image to the 


height of the object. Thus, 
DE CE Height of the image 
i RU eot pe E a PEE G 
Linear magnification (m) Height of the object 
From figs. 2.36 and 2.37, it may be said that m—5o 
à pd | OC OBL FEY 
From, A* PCQ and pCq, we have, PÓ^ co^ 90-0C^ ict 
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From the general formula of spherical mirrors, we get, 
FE e i514 24 


aM. pU ne. image distance 
PQ u-r u object distance 


Relation between m and 9 : 


; a pe 1 itiplying b l v v v 
Since pt ER multiplying by V, we get ir Fo L+m=> 
When the image and the object have the same size, then m=1, From the above 
equation it follows that v—2f. Now 2f=r= radius of curvature of the mirror. 
Thus, v=r. Hence u=r, since m=v/u=1. 

So, when an object is placed at the centre of curvature of a concave mirror, 
an image of equal size is formed at the same place (Fig. 2.31). 

Example 1: An object is placed at distance (a) 20 cm. and (b) 4 cm. in front 
of a concave mirror of focal length 12 cm. Determine the position, size and nature 
of the image in each case. 

Ans. (a) Here, u=+20 cm. ;f=+12 cm. ; v= ? 

; ME p d 
ji We'have, Fg 05^ ot 297 T2 


b? Uu 
-=m AA 


2 
y^ D 2-6 
. Since, the image distance is -- ve, the image is real and is formed at a distance 


v=30 cm. 
of 30 cm. from the mirror. Magnification 7 = 5 L5 


i B) Here, u=+4 cm. ; 12 em. ; v= ? 
pu svp ] 


D ben 1,1 bidci ok 
-.--2- Of, - ——— o p, SE eS =- A 
Now, vou f T, zt 4 12 v 12 4 6 v 6cm 

Since v is—ve, the image is virtual and is formed at the back of the mirror 
at a distance of 6 cm. Magnification—7— "ur 


'« Example 2: A convex mirror of facal length 18 cm. forms a virtual image 
on its axis at a distance of 6 cm. from it. Find the position of the object. 
Ans. Here, )— —6 cm. (negative because image is virtual) ; f— — 18 cm. 


libe d b; 1 
Noy, starz Mets cgtw- d8 

[Lb 0258 

gees Soon | T CM, 


T5276 180 18 
So, the object is at a distance of 9 cm. from the mirror. 
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Example 3: The sun subtends an angle of 4° at the centre of curvature of a 
concave mirror whose radius of curvature is 36 ft. What will be the size of the 
image formed by the mirror ? 


Ans. ($)°=$x 1807 35) radian. According to circular measure, 
ac ^D 'm- l 360x D 
radius u 360 ir 

and u—the distance of the sun from the mirror. 
As the sun is far away from the mirror, the image will be formed at the 


ft. where D=diameter of the sun 


radian— 


f . r 36 v. ]l8xm 
focus of the mirror. Hence, v— "m 2 18 ft. So, Mo 360x D 
Now, the diameter (i.e. size) of the image- magnification x diameter of the 
18x x 18x x l8xvx12. 
sun= As ——— inches=1:88 inch 
sun 360x D P 360 ft.— 360 inches— 1:88 inches. 


Example 4 : A concave mirror has focal length f. A point object is placed 
at a distance xf away from the focus. Prove that the image will be formed at a 
distance f|x away from the focus and the magnification is 1/x. 


Ans. [n this case, u—f--xf; From the equation mi -F we have 


1 1 1 HM. 1 eiad xf 20 9 

AII O of fet SG fex 

that the image is formed f/x away from the focus. 
er 0, efx al 

Further, magnification; = ~ (ff) x 

Example 5; A convergent beam of rays is so incident on a convex mirror 
that in absence of the mirror, it would have converged at a point 10 cm. away from 
the pole of the mirror. Find the point where the rays reflected by the mirror Keira 
Focal length of the mirror is 15 cm. 

Ans. The point P where the beam would have converged in absence 
of the mirror, will, in the present case act 
as a virtual object point [Fig. 2.38]. Hence, 
we have OP=u=-10 cm and f=—15 cm 
(convex). 


ty This shows 


^10 15 30 


So, the image Q is formed at a point 30, cm 
away from the mirror. Since v is +ve, | the Fig. 2.38 
image is real, 
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Example 6: A concave mirror of radius of curvature 20 cm. and a convex 
mirror of radius of curvature 30 cm. are placed, facing each other, on the same axis, 
40 cm. apart. An object 5 cm. high is placed vertically on the axis at a distance of 
15 cm. from the concave mirror. Rays of light are first reflected by the concave mirror 
and then by the convex mirror. Find the position and size of the final image. 

Ans. The image formed by the first reflection at concave mirror will serve 
the purpose of object to the convex mirror. The final image will be formed by 
the convex mirror. Now, for the concave mirror, u=15 cm. ; r=20 cm. ; v= ? 

1 2 D 1 1 


From ee we have deg. Am É——— 7 
iei ecc d Sra eor eo" 15 730 

or v=+30 cm. This shows that the image is 30 cm. away from the concave 
mirror or (40—30)=10 cm. in front of the convex mirror. So, for the convex 
mirror, u—10 cm ; r= —30 cm. v= ? 

lec | 2 1 


Fon ! laz ha tbt 
oto Ue gro" OS 


os bd i or, v=—6 m 

9*. 15 10. .& .. 
So, the final image is formed 6 cm. behind the convex mirror and it is virtual. 
Again, magnification by the concave mirror, m i 
and magnification by the convex mirror, m="= £3 


Final magnification=m; X m-2x$ =$ 
So, the final size of the image=final magnification X size of the bbject 


6 
—-Xx52-6 cm. 
5 


Example 7: A luminous point A is inside a circle. A ray emerges from 
A and after two reflections at the circle, returns to A. If « be the angle of incidence, 
x the distance of A from the centre of the circle and y the distance of the centre 
from the point where the ray in its course crosses the diameter through A, prove 


that tan a= ica ai 
x+ 


Ans. The diameter through the point A has intersected the course of the 
j ray at D [Fig 2.39]. It is easy to see that AD is 
perpendicular to BC. So, AD.cot 22=BD=OD.cot 2. 


(x-+-y) cot 22 y.cot a 


_ 2y.tanx 
or, (x+y) tan «—y.tan a E VE 
(x4- 9X1 —tanf2)—2.y 


Fig. 2.39 x+y x+y 


or, Pe Mal: imd * tan ys). 
STY 
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2.20. Determination of focal length of a concave mirror : 

(i) By pins: We know that when an object is placed at the centre of 
curvature of a concave mirror, its image is also formed at the centre of curvature. 
The image becomes inverted. This fact is used in determining the focal length 
of a concave mirror. 

The concave mirror O [Fig. 2.40] is supported vertically in a suitable holder 
and a shining brass pin P fixed in another holder is adjusted so that the tip of the 
pin is at the same level as the centre ; 
of the mirror. The pin is then 
moved along the table in front of 
the mirror until a real and inverted 
image of the pin is seen somewhere 
in front of the mirror. The pin is 
then moved to and fro until there 
is no parallax between the top of 
the pin P and the tip of the inverted 
image p. Measure the distance 
between the pin P and the centre 
of the mirror. It is equal to the Fig. 2.40, 
radius of curvature of the mirror, half of which gives the focal length. 

(ii) By U-V method: In this method, an optical bench is required. The 
bench is made of brass or wood and a scale is attached to it. Some suitable 
uprights are provided which can move along the bench. These uprights hold 
the mirror, paper screen, pin, etc. 

Place a concave mirror O and a candle P on the bench at a distance apart. 
Adjust the candle flame and the centre of the mirror in the same level (Fig. 2.41). 

Now place a paper-screen Q at 
some distance away from the 
candle as shown in the figure. 
Keeping the mirror and the 
candle fixed, move the screen 
to and fro until a sharp and 
inverted image of the candle- 
flame is cast on the screen. 
Fig. 2.41 Now, determine from the 


bench scale, the distance between the mirror and the flame and that between 
the screen and the mirror. The first one is the object distance w and 
the second one, the image distance v. Keeping the flame at various distances 
from the mirror, the observations are to be repeated several times. Then using 


the formula l 5 = m the focal length f can be determined. 


2.21. Determination of focal length of a convex mirror : 
Place a convex mirror MO vertically on a table and a long shining 
pin P in front of it [Fig. 2.42]. Looking through the mirror, a small and erect 


Ph. II—4 


50 A TEXT BOOK OF PHYSICS 


image p will be visible. Now, covering the lower half of the convex mirror, 
place a plane mirror 4A vertically 
between the object P and the mirror. 
A The plane mirror will form an image of 
p P at its back. Now, move the plane 
mirror to and fro until the image p formed 
by the convex mirror and the image q 
f formed by the plane mirror are in the 
Fig. 2.42 same vertical line without any parallax. 
Measure the distance of the object P from the convex mirror. It is u. 
Now, AP=Aq=x (say). Hence Pq—2AP-—2x because q is the image of P 
formed by the plane mirror, v=Oq=Pq—OP=2x—u. 
So, measuring the distances of the object P from the convex mirror and the plane 
mirror, u and v will be obtained, Then using the formula, : + - = ; the focal 
length f can be found out. It is to be remembered that v is —ve in this case. 


2.22. Identification of mirrors : 


How can you indentify in a simple way whether a mirror is plane, concave 
or convex ? We know, a plane mirror produces an image which is of the same 
size as the object. But when an object is placed very close to a concave mirror, 
a magnified virtual image is produced while in the similar circumstances, a convex 
mirror will produce a diminished image of the object. So, the simple way of 
identifying a mirror is to hold a finger very near the mirror and to look for its 
image through the mirror. A magnified image will indicate that the mirror is 
concave but a diminished image will indicate that the mirror is convex. An image 
of same size will, however, identify the mirror as plane. 


2.23. Uses of spherical mirrors : 


(i) Concave mirror : Concave mirrors produce a virtual magnified image 
(Fig. 2.26) when the object is placed between the pole and the focus of the mirror. 
For this reason, many people prefer to use a small concave mirror while shaving 
because it produces a magnified image of the face. So, concave spherical mirrors 
are widely used as shaving mirrors. 


d Reflecting telescopes also utilise concave mirrors. The largest telescope 
in the world at Mount Palomar has a huge concave mirror. Dentists also use 
concave mirrors while examining the teeth of a patient. 


F (ii) Convex mirror: As convex mirrors always produce a diminished 
virtual image and as the image is always situated between the pole and the focus 
of the mirror, cars and other vehicles use convex mirrors as view finders. A 
small convex mirror is usually fitted in front of and slightly to the right of the 
driver of the car, The driver, while driving the car, can see through this mirror, 
all the vehicles and other things coming from behind the car. 
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Exercises 
Essay type : 

1. Show that a beam of rays from a point source after reflection at a plane mirror appears 
to diverge from another point, What is that point called ? Where is it situated ? What is its 
nature ? 

2. Explain, with diagram, how a plane mirror produces an image. Prove that the image 
is as far back of the mirror as the object is in front of it. 

3. Explain, with a neatly drawn diagram how two plane mirrors inclined at right angles 


to each other form images of an object placed between them. LH. S. Exam. 1979] 
4. Prove that a ray reflected from a plane mirror turns through twice the angle through 
which the mirror turns. LH. S. Exam. 1970, '74,'81, '84] 


5. Two plane mirrors are at right angles to each other. A ray of light is reflected suc- 
cessively by the mirrors. Show that the incident ray and the final emergent ray are parallel to 
each other. 

6. Prove, with the help of a diagram, that for a person of given height standing upright, 
the minimum length of a vertical plane mirror in which he can see his feet and the top of his head 
at the same time, is independent of the distance between his eyes and the top of his head. 

7. A man stands at the centre of a room. A plane mirror hangs in the wall in front of 
him. Show that the minimum height of the mirror through which the man can see the full 
image of the wall behind him is one third the height of the man. 

8. Explain, with the help of a diagram, the action ofa periscope. For what purpose is 
it used ? 

359254 


3 " 1 
A h t ^ a "mu De 
9. Prove, in the case of a concave mirror, that sia Paf [H. S. Exam. 1978] 


10. How will you proceed to determine the focal length of a convex mirror ? 


Short answer type : 


11. What is reflection of light ? What are the laws of reflection ? 

12. A ray of light is incident on a plane mirror at an angle of 60°. What will be its devia- 
tion after reflection ? Explain with a diagram. 

13. Two plane mirrors are inclined at an angle of 60°. An object lies on the bisector of 
the angle. Explain, with diagrams, the position of the image when (i) two reflections take place 
and (ii) three reflections take place. What are the total number of images produced ? 

14. Prove that when an object moves in front of a plane mirror, its image moves equally 
through the same distance. 

15. At night, it is difficult to see through a closed glass window from a well-lighted room ; 
but it is relatively easy when the room lights are switched off. Why ? 

[Hints : Internally reflected and externally transmitted light will interfere and this will 
obscure visibility. A glass window, however transparent, always reflects a part of incident light. 
The reflected light interferes with the rays of light transmitted from outside and therefore disturbs 
vision. When room lights are switched off, there is no reflection and hence no interference with 
the transmitted rays of light from outside objects.] 

16. Why are cinema screens made white and rough ? 

17. Define the following terms in connection with a concave mirror: (a) focus (b) focal 
length (c) radius of curvature (d) centre of curvature (e) pole (f) conjugate pair of focii. 

18. What restriction was made in deducing the mirror equation ? What is the harm if 
the restriction is not adhered to ? N 

19. How would you identify whether a mirror is plane, concave or convex ? 

[H. S. Exam, 1979] 

20. State the nature of the mirror to be used and the position where an object is to be 
placed so as to obtain an image (i) real and magnified (ii) virtual and magnified (iii) real and 
diminished (iv) vertual and diminished (v) real and of equal size (vi) virtual and of equal size, 
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Objective type : 
21. Answer the following questions by writing ‘Yes’ or ‘No’. 
(i). Can a virtual image be photographed ?— 
(ii) Can a convex mirror form a magnified real image ?——. 
(iii) Are convex mirrors used as ‘view-finder’ in motor cars ?2— 
(iv) Can diffuse reflection of light form images ?—— 
(v) Is the principle of parallel mirrors applied in a periscope ?—— 


Numerical, Problems : 

22. An object P lies between two parallel plane mirrors M; and Ms. Its distance 
from the mirror M; is 4 cm. and the second image seen through the mirror M; is at a distance of 
22 cm. from Mı. Find the distance between the mirrors. [Ans. 9cm.] 

23. A point source of light is situated between two parallel mirrors A and B. The distance 
between the mirrors is 3 inches and the object is 2 inches away from one mirror. How far is the 
third image behind A from the third image behind B ? [Ans. 18 inches] 

24. (a) Find the angle between two plane mirrors in order that a ray incident on the 
first mirror in a direction parallel to the second may after reflection in the second mirror retrace 
its path. [Ans. 45°] 

(b) Two perpendicular mirrors form the sides of a vessel filled with water. A ray of 
light is incident from above, normal to the water surface. Show that the emerging ray is 
parallel to the incident ray. Assume that there are two reflections at the mirror surfaces. 

s 25. A man stands at the centre of a room. A plane mirror hangs in the wall in 
front of him. What should be the minimum height of the mirror through which the man can see 


the full image of the wall behind. The height of the wall is 4-2 metres. 
[H. S. Exam. 1978] [Ans. 1:4 metres] 


26. How many images of himself can an observer see in a room whose ceiling and two 


adjacent walls are mirrors ? [Ans. 6] 
27. If a man runs at the rate of 5 ft./sec towards a mirror, at what rate will he approach 
his image formed by the mirror ? [Ans. 10 ft/sec] 


28. Two plane mirrors are inclined at an angle of 35°. A ray of light is incident on one 
mirror at 60° and undergoes two successive reflections at the mirrors. Show by accurate drawing 
that the angle of deviation produced is 70°. 

29... Two plane mirrors inclined to each other form images of an object placed between 
them. Prove that the object and its images will lie on the circumference of a circle. 


. 30. A ray is so incident on a plane mirror that the incident ray and its reflected ray subtend 
an angle of 20° between them. If the mirror is now rotated through 15°, what are the possible 
, angles between the incident ray and the new reflected ray ? [Ans. 50^; 10°] 
31. Two plane mirrors are inclined to each other at a fixed angle. If a ray travelling in a 
plane perpendicular to both mirrors is reflected first from one and then from the other, show 
that the angle through which it is deflected does not depend on the angle at which it strikes the 
first mirror. 
32. Two mirrors A and B are inclined to each other at 60°.. A ray of light is incident 
parallel to 4 upon B. Obtain the magnitude of deviation of the ray after the second reflection. 
LH. S. Exam. 1982] [Ans.. 240°] 


' 33. A concave mirror forms an erect image three times magnified at a distance 24 cm 


onitsaxis. What is the focal length of the mirror ? [Ans. 9cm.] 
s 34. The magnification of an image formed by a convex mirror is 1/p. Calculate the object 
-distance if the focal length of the mirror be f. [H. S. Exam. 1983] [Ans (p—1)/] 


f 35. A converging beam of rays, coming from an object, wòuld have met at a point 30 cm. 
behind a mirror but after reflection, actually met at a point 15 cm. in front of the mirror. Was 
the mirror concave or convex ? What was its focal length ? [Ans Concave ; 30 cm.] 
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36. An arrow, 15 cm. long, is lying along the axis of a concave mirror. The pointed end 
of the arrow is 30 cm. away from the mirror whose radius of curvature is 20 cm. Find the magni- 
fication of the image of the arrow. [Ans. 0:143] 

37. A concave mirror forms a virtual image three times the size of an object when. the 
distance between the object and the mirror is 10 cm. Find the position and size of the image 
when an object 1” high is placed at a distance of 40 cm. from the same concave mirror. 

[Ans. 24 cm. ; 0*6"] 
[Ans. 4:16 cm. 25 em.] 


38. A coin 2:54 cm in diameter held 254 cm. from the eye just covers the full moon. What 
is the diameter of the image of the moon formed by a concave mirror of radius of curvature 127 
em. ? [Ans. 0:635 cm] 


39. A concave mirror forms a doubly magnified virtual image of an object placed 10 cm. 
away from the mirror. If the object is kept at a distance of 30 cm. from the mirror, where would 
the image be formed ? What will be the size and the nature of the image ? * 

[H. S. Exam. 1979] [Ans. 60 cm ; double, real] 

40. If an object be kept at a distance x from a concave mirror of radius of curvature r, 
show that the image distance is given by v—r.x/(2x—r). 


Harder Problems : 

41. The floor of a room ABCD is rectangular in shape. The sides 4B and CD are 12 ft 
long and the other sides are 16 ft long. The walls AB and CD have two plane mirrors facing 
each other. A man stands at the middle of the side CD facing the wall AB. The first image 
of side AB seen through the mirror fixed on AB just fills the mirror. Find the width of the mirror. 

; [Ans. 4ft] 

42. A plane mirror is rotated through an angle 0 about two different axes. For a given 
incident ray, it is found that the reflected ray in one case turns through an angle 20 but in other 
case, the reflected ray remains as it is. How is this possible ? [Jt. Entrance 1976] 

43. A ray of light, after being reflected, is allowed to fall on a scale. When the reflecting 
mirror (plane) is slightly turned, the spot of light 1s displaced through 25 cm on the scale. If the 
distance of the scale from the mirror is 100 cm, find the angle of rotation of the mirror. 

[Ans. 7° (nearly)] 

44. A small linear object of length / is placed along the axis of a spherical mirror at a dis- 


2 
tance u from the mirror. Show that the length of the image is / (5) wheref=focal length 


of the mirror and l&u. 

45. Aconvex mirror of focal length f produced an image whose size is 1/rth the size of 
anobject. Show that the object distance from the mirror=(r—1)f. 

46. Aconcave mirror produced on a screen an image twice the length of the object. Now 
both the object and the screen are shifted so that the length of the image becomes three times the 
length of the object. If the displacement of the screen be 25 cm, find the displacement of the 
object and the focal length of the mirror. [Ans. displacement=4-2 cm. f=25 cm] 

47. The interior of a hollow sphere is polished to serve as a reflecting mirror. Ata point 
12 cm from the centre of the sphere a point source of light is placed. If the radius of curvature 
of the sphere be 24 cm, locate the image formed by two successive reflections, the first taking 
place at. (a) far wall and (b) the near wall. [Ans. (a) 30 cm from the near wall (6) 12 cm from 
the far wall] 

48. An object is kept at a distance of 40 cm from a convex mirror. At a distance of 25 
cm. from the object a plane mirror is so placed that it covers one half of the convex mirror. Asa 
result, the two images produced by the mirrors are found to coincide. What is the radius of 
curvature of the convex mirror ? [Ans. —26:67 cm] 
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49. An object is pl: in front of a convex mirror at a distance of 50cm. A plane mirror 
is introduced covering the lower half of the convex mirror. If the distance between the object 
and the plane mirror is 30 cm., it is found that there is no parallax between the images formed 
by the two mirrors. What is the radius of curvature of the convex i 


50. Two mirrors—one concave and the other convex—have the same focal length 15 cm. 
and are on the same axis. The distance between their poles is 30 cm. An object is placed at a 
distance of 45 cm from the concave mirror. Find the position of the final image assuming that 


51. A plane mirror is placed in front of a concave mirror of focal length 10 cm, at à distance 
of 22:5 cm from the pole of the concave mirror. Where should an object be placed in between 
the mirrors so that the image formed by the concave mirror may coincide with that formed by 
the plane mirror ? [Ans. 15cm] 

52. A concave mirror and a convex mirror are placed co-axially at a distance 2R, from 
each other. Both the mirrors have radius of curvature R. A small circle of radius @ is drawn 
on the convex mirror near its pole. Show that the radii of the three successive images are a[3, 
ali) and a[41. 


2 
125 oum bot 


1 
ints + tl i -ta 3 H ps 
[Hints : For he Ist image, et ZR R 3 3 OR 


Z2" ER 
2, Radius of ist image=mag” xradius of the object==% qe 


T 3 
Object distance for the 2nd image-2R—$R—1R 
1 3 
Ad eM NEST 
XAR Mnt 
3 
ification= -X 257 9 
Magnification— 11 ?* JR [11 
J. 2nd radius Ist radius xmag"=3 x » = a and so on for the 3rd image.] 
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3.1. Refraction of light : 

The action of mirrors, plane Or spherical, depends on the fact that 
light striking 4 surface is turned back into space from which it comes. This 
happens always to some extent, but if the surface is that of à transparent 
material, some of the light passes through into the second substance. If the 
light is incident obliquely, it will change its direction sharply on going through 
the boundary. This change of direction of the rays is called refraction. 

Suppose, à Tay of light AB, travelling through air, is incident obliquely on 
a glass block (Fig. 3.1). The ray now enters into the block but the direction 
it takes up in the glass is different from 
the direction AB because the ray will 
suffer refraction at B. Suppose, the 
ray travels along BC in the glass. Here, 
AB is called the incident ray, BC the 
refracted ray and B, the point of inci- 
dence. If à perpendicular be drawn 
through B, on PO, the line of separation 
of the two media, it is called the normal 
(NBN’). The angle made by the inci- 
dent ray AB with the normal BN is Fig. 3.1 
called the angle of incidence ( A.ABN) and the angle made by the refracted ray BC 

is with the same normal is called the angle of 
refraction. (Z.CBN’). 

It is important to remember that when a 
ray passes from one medium to a more optically 
dense medium (e.g. from air to glass) the refrac- 
ted ray bends towards the normal i.e. the angle 
of incidence is greater than the angle of refrac- 
tion [Fig. 3.1]. 

Conversely, & ray passing from one 
] medium to a less optically dense medium (e.g. 

Fig. 3.2 from glass to air), the refracted ray bends away 
from the normal i.e. the angle of incidence is smaller than the angle of 
refraction [Fig. 3.2.] 


3.2, Laws of refraction : 
The laws of refraction of light are as follows : 


(i) The incident ray, the refracted ray and the normal to the surface of separa» 
tion of the two media at the point of incidence lie in one plane and the incident and 
the refracted rays are on ihe opposite sides of the normal, 
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(ii) The ratio of the sine of the angle of incidence to the sine of the angle of 
refraction is a constant which depends upon the nature of the media and the colour 
of the light used. 

If i be the angle of incidence and r the angle of refraction then according to 


sin i 
the above law, ——— p, a constant. 
sin r 


The constant p is called the refractive index of the second medium (i.e. the 
medium in which the ray is refracted) with respect to the first medium (i.e. the 
medium through which the light was travelling initially). For example, when a 
ray of light, travelling through air, is refracted into glass, the ratio of the sines of 
the above two angles is 1°51. In other words, the refractive index of glass with 
respect to air is 1°51. 

.. The second law of refraction is sometimes referred to as Snell’s law as it was 
discovered by Dr. Edward Snell in 1621. 

From the above law, we can write: when i=0, r=0 ie, when a ray is 
incident on a surface normally, the refracted ray goes straight into the second 
medium without any change of direction. 


Example : A person looking through a telescope just sees the point A on the 
rim at the bottom of a cylindrical vessel when the vessel is empty. When the vessel 
is completely filled with a liquid of r.i. 1'5, he observes a mark at the centre B of the 
bottom, without moving the telescope or the vessel. What is the height of the vessel 
if the diameter of its cross-section is 10 cm ? UIT. 1977] 


Ans. When the vessel is empty, light rays from A travel straight towards 
the telescope T along ADT. When the vessel is 
full of liquid, the ray BD is refracted into the 
telescope along .DT [Fig. 3.3]. 
Here / BDC—/i and Z CDA—Z r, 
grin r AC/BC hd . ACX BD 
>E sni AD/BD ~ ADx BC 
L 10VBC?+DC?_ 2y254 DC 
SA AC*--DC? — y/100-- DC* 
S ; 25+ DC) 
Squaring, 225—422 DC) 
ye panics 100+ DC? 
Fig. 3.3 or 225--225x DC?=100+4DC* 


SO. 


or, L5 


or 1°75xDC*=125 or po== ^n po=/ = 845 cm. 


33. Relative and absolute refractive indices : 

Definition : When a ray of light, travelling through a medium ‘a’ is refracted 
into another medium ‘b’, the ratio of the sine of the angle of incidence to the sine of 
the angle of refraction is called the refractive index (abbreviated as r.i.) of the 


——————— 
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A it 3 "m , in i 
medium ‘b’ with respect to the medium ‘a’. It is written as ao i.e. Uie mn where 
sinr 


i and r are the angles of incidence and refraction respectively. This refractive 
index is called the relative refractive index. 

Since the path of a ray of light is reversible, if a ray travelling through the 
medium ‘b’ is incident at an angle r on the surface of separation, then the ray will 
be refracted into the medium ‘a’ with an angle of refraction 7. In this case. 


sin r 
dhamaan 
sin i 
sini, sinr ] 
Therefore, apo X»bHa-—-— X — =1 Of, aMb—- T 
sinr sini dha 


For example, the r.i. of glass with respect to air is 2 ; the ri. of air with 
respect to glass is therefore, 2i 


Definition : Zf a ray of light coming from vacuum or air, is refracted into a 
medium, the consequent refractive index will be called the absolute refractive index 
of the medium. 

Refractive index of a medium in general means refractive index of the 
medium with respect to air. For example, the refractive index of glass is :5— 
this statement means that when a ray, travelling through air is refracted into glass, 
the ratio of the sines of the angles of incidence and refraction will be '5. 

It has been mentioned earlier that r.i. of a medium depends on the colour 
of the light used. Thus, the refractive index of glass for red light is different from 
the r.i. of glass for blue or violet light. A medium is said to be optically denser 
than another if the r.i. of the first medium is greater than that of the second. This 
optical density of a medium is however, not related to the physical density or 
specific gravity. For example, the physical density of turpentine is less than 
that of water (sp. gr. of turpentine=0'87) but its optical density is greater than 
that of water (r.i. of turpentine=1'47). It is, therefore, important to remember 
that higher specific gravity of a substance does not necessarily endow it with 


higher optical density. 


3.4. Relation between the refractive index and the yelocity of light : 


The refractive index has an important significance. From wave theory 
of light, it may be proved that p of a medium is expressed by 


. Velocity of light in vacuum 
3 in the medium 


Consider two media ‘a’ and ‘Þa If apo be the r.i. of the medium ‘b’ with 
respect to the medium ‘a’ then, 
Velocity of light in the medium ‘a’ 
pei en RESISTE UE T 


allo p 


” » » » » 
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If the medium ‘b’ is denser than the medium ‘a’, ago l, and in that case 
the velocity of light in ‘a’ is greater than the velocity of light in ‘b’. From this, 
we get a very important result viz. the velocity of light in rarer medium is greater 
than the velocity of light in denser medium. 

Further, from the above relation, we may have an explanation as to why a 
ray of light changes its direction while crossing the boundary between two different 
media. 

(i If the velocity of light in both the media is the same aj»—1 or sin i= 
sin r, which gives i=r ; in other words, there will be no change of direction of the 
ray while crossing the surface of separation or there will be no refraction. 

(ii) If the medium ‘$’ is denser, the velocity of light in it will be less and 
alto 1, or sin i>sin r, which gives i>r ; in other words, the refracted ray will 
move towards the normal after refraction. 

(ii) If the medium ‘a is rarer, the velocity of light in it will be greater and 
alp-zl or, sin i<sin r which give i<r ; in other words, the refracted ray will 
move away from the normal after refraction. 

All these results have been experimentally verified. Hence it may be said 
that the light is refracted while going from one medium to another because the 
velocity of light in different media is different. 


Example: A light wave of frequency 5X 10™ Hz enters a medium of refractive 
index 1:5. Find the velocity and the wavelength of light wave in the medium. Velo- 
city of light in vacuum=3 x 10° m/s. (LLT. 1983] 


_ Velocity of light in vacuum 
» » » » medium 


3x 108 » 
r yank =2 x 108 metre/s. 


Ans. We know, p 


or, l:5z 


; V y 
Again, \=— where 7 is the frequency of the wave. 


_2x 108 


5x 1014 


—0:4 x 10-8 metre. 


Table of refractive indices of some substances. 


Crown glass 
Flint glass 
Diamond 

Ice 
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3,5. Geometrical construction of refracted ray : 


Consider a ray of light incident at an angle of 70° on a glass slab whose r.i. 
is 3. Its refracted ray is to be constructed geometrically. 

Let XY represent the boundary 
between air and glass. (Fig 3.4). Take 
a point O on the middle of the block and 
draw a perpendicular EOF on the line XY. 
Draw a line OA inclined to the normal 
EOF at an angle of 70°. AO represents 
the incident ray. On the right of O, take 
three equal lengths along OY, B being 
the end-point of the last length. Mark 
off two equal lengths on the same scale on 
the left of O, D being the end-point of the $ 
last length. From the point B, draw a Fig. 3.4 
perpendicular on XY interesecting the incident ray at A. With O as centre and 
OA as radius, draw a circle. Drop a perpendicular through D on XY so that it 
meets the circle at C. Now join OC. Kt will be the required refracted ray. 

To prove it, draw perpendiculars AG and CH from A and C respectively on 


EOF. Now, sin 9° —46 and sin oca 
AO co 


sin 10° AG /CH_ AG ,. 
a= ol con cH AO=CO] But AG=OB and CH—OD. 


AG OB 
So, ==> == i i 
[o CH OD à (according to construction) 
sin 70° 


auc 5 F 
sae of glass. (given) Hence, OC is the required refracted ray. 


3.6. Deviation of a ray due to refraction : 


When a ray of a light is refracted from one medium to another, it suffers 

, a certain deviation. The angle between 
the directions of incidence and refraction 
measures the deviation undergone by 
the ray. 

Consider an incident ray AO and 
its refracted ray OB. The angle of 
incidence ZAON=i and the angle of 
refraction ZN’OB=r. Produce AO 
to C. The direction of incidence is 
AOC while that of refraction 
is OB. 

Hence, the deviation of the ray 
due to refraction (3)— ZBOC (Fig. 
fig. 3.5 3.5]. 
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Now, 83=Z. BOC= ZN'0C— LN'OB-— Z.NOA— Z N'OB—i-r 
[si ZNOA= ZN'OC] 
If the ray is refracted from a rarer to a denser medium, i>r and 
in that case 8=i—r. 
If, however, the ray is refracted from a denser 4o a rarer medium, i<r and 
in that case, 8=r—i. 


3.7. Refraction of a ray of light through a parallel block : 
Consider a glass block ABCD with parallel and plane faces. A ray of 
light PQ is incident at an angle Zi, on the 
face AB. The ray is refracted as it enters 
the block. Suppose it is refracted along 
QR at an angle of refraction Zr. The ray 
now falls on. the lower face DC and emerges 
into air again at an angle of emergence / is. 
It may be proved in the following way that 
the incident ray PQ and the emergent ray RS 
are parallel to each other. 

Proof: Let apg be the r.i. of glass with 

ino Th sin i, 

respect to air. en allg — i y. 


Fig. 3.6 
Again, if guia be the r.i. of air with respect to glass then considering refraction 
: sin r. 
at the point R, we have gha =- : 
t the po gha— in i 
But we know, es di Mr sm. TO un. 
gla sinr, Sin, sinr 


sin i, 

Now, from the diagram, it is clear that 7 r;— Z rs 

Hence sin r,—sinrs. Or, sin i,—sin i, which gives i, —is. 

So, the incident ray PQ is parallel to the emergent ray RS. 

Lateral shift: It is to be noted that PQ and RS are no doubt parallel but 
they do not lie in the same straight line. In other words, the ray undergoes a 
lateral shift ox lateral displacement while passing through the parallel-sided block. 
The distance between the two parallel rays PO and RS measures the lateral shift. 
Produce PQ and draw à perpendicular RT from R on the line. 

Here, RT measures the lateral shift of the ray. 


Now, sin ROT RT—QR sin ROT—QR sin (i7) 
; Also, cos redo <. QR= 2s [t—thickness of the block— AD]. 
R COS ri 
- ar; (sin qu LEY 
COS Ty cos 7, 


Again, sin hom and cos Ly PE y A= V Amm 
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RT=t ( pe ilk Simo a a Pe sin i( PERA OE 2 
pA/g?—sin* i «o sin? iy 

Knowing the thickness (t) of the block, the angle of incidence (Zi) and the 

r.i. (p) of the material of the block, the lateral shift can be calculated. On the 

other hand, it may be said that the lateral shift depends upon (i) the thickness of 

the block, (ii) the angle of incidence and (iii) the r.i. of the material of the block. 


Example: A ray of light is incident on the upper surface of a rectangular 
glass block at an angle 30^... Show that the emergent ray from the lower surface of 
the block is parallel to the incident ray. Find also the lateral shift of the ray if the 
height of the block is 10 cm. 


Ans. See Fig. 3.6. Here, i,=30° ; Now um 2 
sin ry 
"sin ee Mew : er ; considering the lower surface, nda 
2x15 sin a 
sin ip =p X sin r,-r5x3205 [nro i,=30° 


This shows that the emergent ray is parallel to the incident ray. 
Again lateral shift=?. sin i (eee) 
1 


—10 x sin 30° (ee) 
v/ (1-5)? — (sin 30°)? 


10X4 ( AS OF 5 cm. 


3,8. Refraction of light through a number of parallel media of increasing density : 

a, b, c, etc. are several parallel-sided media arranged in order of increasing 
density i.e. the medium ‘b’ is denser than 
‘œ’, the medium ‘œ is denser than *b' and 
so on. But the first and the last media 
are the same. If a ray of light be incident 
on this pile, then after passing through 
different media, when it will emerge into 
the medium ‘a’, the emergent ray will be 
found to be parallel to the incident ray. 

Here, the incident ray PQ is parallel 
to the emergent ray ST. [Fig 3.7] 

Now, considering refraction at Q, 
sin i 
sin ry 

Similarly, considering refractions at 
R and S, we get 


we get 


=allo 


sin ry sin Io 
—— = ve and ———7 —eHa- 
sin rs sin i Fig. 3.7 
c ge sini | sin7,,, sine 
Multiplying, a p X ble X ca —— X aA xeu cl. ue i 
plying, oV. sin’, SiN sin 7 () 


u—— eT Ge 
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The above result holds good not only for three media as shown above, but 
for any number of parallel media provided the first and the last media are the 
same. For ‘n’ media, we can write, alb X bie X eld X +++ - Xnpa=1 

If the medium ‘a’ be air, then from the above relation, we have 


airline X bbe X chair = l. 
1 airble r.i. of *c’ 
Mom —— o nio. 
atrio X clair — airHo r.i. of ‘b 
Example 1 : Jf the r.i. of water with respect to air be $ and that of glass with 
respect to air be 3, what is the r.i. of glass with respect to water ? 
3.19 


Ans. We know, iol! arbe 93,3 
Dede air Hw $ 2514358 

Example 2: R. I. of glycerine with respect 

glycerine with respect to air is 147. Determine the 


and of air with respect to glass. 


with glass is 0:98 and that of 
r.i. of glass with respect to air 


Ane, We know, giis yee 5. 0987 E47 
airHiglass airlglass 
1:47 1 1 
or, =—— =1'5 Again, = = — =(0'66. 
aderi 0:98 goce airiig tass ES 


39. General form of Snell’s law : 

AB is the surface of separation of two media ‘a’ and *p. The medium ‘b’ is 
denser than the medium ‘a’. Consider a ray of light 
PO incident on AB at O and refracted along OQ. 
If Zi and Zr be the angles of incidence and re- 


fraction we have, en alto. 
sin r 


But according to art. 3.8, we can write, 


BW von; ento 
Q ~ atria "sin ro airHa 
Fig. 3.8 If now, the media ‘a’ and ‘b’ be denoted by 
1 and 2, having r.i. p and He respectively, then, 
sini s or, py. sin ips Sin r. 
sinr p 
For ‘n’ media, we may write, H sin ġ=p SİN a= Hg Sin 75— . = Hn sin rn 


This equation represents the general form of Snell’s law. 


Example : 4 ray of light is refracted through a sphere in such a way, that it 
touches the extremities of two radii of the sphere which are inclined at an angle 9 
to each other. If y be the r.i. of the material of the sphere and à the deviation of 


the ray, show that pee 


PIRE 
E T ER eae 


P . y, sini sinPAN' 
| Fig. 3.10 We have S} sinr sim DAN 
But, /PAN’=Z.4PB and Z.DAN— Z P'AN— Z APB. 
AB 


REFRACTION OF LIGHT AT A PLANE SURFACE 63 


Ans. Suppose, the ray PA is incident on the sphere at an angle ; and is 
refracted through the sphere along the path ess 
AB. Finally the ray emerges from the kis 
sphere in the direction BQ [Fig. 3.9]. From 
the figure, it is evident that the deviation of 
the ray caused by the passage through the 
sphere—3. Let the angle of refraction at 
A=r. Since OA—OB, the angle of incidence 
at B—r. So, the angle of emergence of the ray 
at B—i. Further the / AOB=0 (given). Now, 
= ZCAB+ Z CBA-(i-r)-(i—r)-Xi-r). Fig. 3.9 


Again from AAOB, we get 2r+0=180° or +5 =90" 45 wa «D 


8—2(i—90"--0/2) or - jei-* ori(90-8)-90—; .. Qi) 


Considering refraction at A, we get sin =p sin r=p sin (90° —6/2)=p cos 0/2. 
From eqn. (ii), we have, cos 4 (0—8)=cos (90°—i)=sin i 


^o qn cos 0/2=cos $ (0—8) or pte 


3.10. Formation of image by refraction at a plane surface : 

(i) The object is placed in a denser medium and the eye in a rarer medium. 

Consider an object P placed in the medium ‘a’ which is denser than the 
medium ‘b’ from which a person is viewing the object. A ray PB from the object 
is incident normally on the refracting surface 
AB. It passes straight into the medium ‘b’ 
along BC [Fig. 3.10]. Another ray PA from 
the object is incident on the refracting surface 
obliquely and is refracted away from the 
normal along the path AD. The two refrac- 
ted rays BC and AD, when produced back- 
wards, appear to diverge from P’ which will 
be the image of P. The eye looking towards 
the object P, will see the object in the position 
of P’. The object, in this case, appears to be 
raised towards the surface of separation AB. 

If p, and py are the ri. of the medium 
:j and ‘a’ respectively then from general 
form of Snell’s law, 


Q 


Hence. p, sin APB =. AP AP’ 
' gu, sin AP’B AB AP 
AP’ 
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Since the points A and Bare very near to each other (for the ray PA is slightly 
oblique), AP' —BP' and AP—BP. 
pr cas ; If =l (ie. the medium ‘b is replaced by air) and =p 


BP real depth of the object 
= — = ST 
(say), then, t= p^ apparent, n n» » 
If real depth BP=t, the apparent depth—//p. The displacement PP' of the 
object is then, x=t— "m (1 — ) 
The r.i. of water with respect to air is $; An object placed at the bottom of 


1 1 
a tank of depth t will have an upward displacement xi! - a= 3' 


Example: A straight stick of wood, partly immersed in water (=$) 
appears to be inclined at 30° with the surface when viewed perpendicularly from above 
the water. What is the actual inclination of the stick ? 

Ans, Let ABC be the stick [Fig 3.11]. The apparent position of the 
immersed portion of the stick is BD, and it is inclined 
at 30° with the surface. Actual inclination of the rod— 9. 
From the figure, we get, tan w= 
EC . .tanü EC 
EB" tan30° ED 
But as D is the apparent position of C, we have 
: is Real depth ir g EC 

Fig. 3.11 Apparent depth 9 ED 
ae or tan 0=$ x tan 30°=3X oT = ta 316 ~. 0=37°6° 
(ii). The object is placed in a rarer medium and the eye in a denser medium : 


P.is a point object in the medium ‘b’ which is rarer than the medium ‘a’ 
from which a person is viewing the object. Two rays, 
PB and PA, starting from the object P after being 
refracted at the surface AB, enter into the denser 
medium ‘a’. When these rays reach the eye of the 
observer, they appear to come from P’ which is the 
image of P. The object, in this case, appears to 
move away from the surface of separation AB (Fig. 
3.12). 


Here, 


Again tan 0— 


Hence, 


u, sini sin PAN’ 
m sinr sin DAN 
But, /PAN'—/ APB and Z DAN-— / P'AN' 
-/ AP'B, 
So, H sin APB _ AB AB _ AP’ 
p, sin AP'B AP/ AP' AP 
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Since, A and B are very close points, AP’=BP' and AP=BP. 


pa BP’ Apparent height of the object 
ho BP Real » » » LI 
An important fact : Keeping an object in a denser medium, if it is viewed 

obliquely from a rarer medium, the image a 
changes position. With increasing obliquity 
of line of vision, the image moves towards the 
observer and is at the same time raised higher 
up. 


Consider several objects, P, Q, R at the 
bottom of a tank [Fig. 3.12(a)]. If the observer 
looks vertically towards P, he will see the object 
almost at its actual position ; the image P’ will 
be slightly raised along the vertical line. But 
keeping the eye in the same position, if the 
person tries to see the objects Q and R, the rays 
of light fall on the surface of separation Fig. 3.12(a) 
obliquely, thereby raising the images Q' and R' more and more. For this 
reason, the horizontal bottom of a tank full of water appears concave to a 
person looking from above and the pool of water appears deepest where he 
stands. f 


Pirih 


(iii) Image of an object placed below a parallel-sided glass block q 


Consider an object P placed some distance in air below a parallel sided glass 
block of thickness ¢ [Fig. 3.13]. The ray PA 
normal to the surface emerges along 4B, while the 
ray PN close to the normal is refracted along NO 
in the glass and emerges in air along OQ in a direc- 
tion parallel to PN (See art 3.7). An observer 
(not shown) above the block thus sees the object 
at P’, the point of intersection of QO and 
BA, 
Suppose the normal at N, intersects P'O at 
M. Then, since MN is parallel to PP’ and P'M 
Fig. 3.13 is parallel to PN, MNPP' is a parallelogram. 
Thus PP'—NM. But PP’ is the displacement of the object P. Hence NM is 
equal to the displacement. Since the apparent position of an object at N is at M 
(compare fig. 3.8), we can say that the displacement of P is independent of the position 


of P below the glass block and it is given by pp'=(t -:) 


Example 1: The height of a glass slab is 10 cm. There is a dot at the bottom 
of the block. What will be the apparent displacement of the dot when viewed through 
the block ? of glass=1'5. 

Ph. II—5 
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Ans. When the object is in the denser medium and thé eye in the rarer, 

real distance of the object 10 
E ŮŮŮŮĖ T, p5- ——————_ ,__........ 
vekiow t apparent, » »  » 2 apparent distance of the image 


15s. the apparent distance of the dote 10. =66 cm. 


_So, apparent displacement of the dot-10—6:6—3:4 cm. 

Example 2: A transparent cube of glass, 1'5 cm. edge, contains a small air 
bubble. Its apparent depth when viewed through one face of the cube is 6 cm. and 
viewed through the opposite face is 4 cm. What is the actual distance of the bubble 
from the first face and what is the r.i. of the glass ? 

- Ans. Let the actual distance of the bubble from the first face be x cm. ; 
só its distance from the opposite face-—(15 — x) cm. 
: actual distance _ X 
apparent ,, 6 
15-x 
4 


For the first face, we have p= 


and ,, » » second 5» 53, ppm 


15-x gni: 1 
M or, x=9cm. Also, url? 


Fe 

6 
3: A vessel full of water is 12 ft. deep. If r.i. of water with respect 

to air be s find the apparent depth of the vessel. 

Real height er 4. 12 

Apparent ,, 3 App. height 


the apparent height of the vessel 29 ft. 


Ans, In this case p= 


` Example 4: A vessel has depth 2d and is half-filled by a liquid of r.i. y and 
the other half by another liquid of r.i. ty. Prove that when viewed perpendicularly 


the apparent depth of the vesel=( ++ L d. 
1 He 


Ans. Suppose, when the ray enters the second liquid from the first, it is 

L refracted in a direction so as to come from 
the point P, [Fig. 3.14]. According to the 
art 3.10(ii). 


Aa : AE n 
AP, bs 
Now, as the ray of light is refracted 

into air from the second liquid, suppose, it 

appears to come from the point Q. 

Here, Sins 


Q 


AP HS ap P 
Hy 


Hi 
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pom Bh AB APL dy AP dy doaf Li) 
He He He He He du Mio Ha 
[N.B. If d, be the depth of the liquid of r.i. p, and d, that of the liquid of r.i pa 


d, 


d, : 
then BQ— art i In general, if there be a number of liquids arranged in order of density, 
1 2 


7 PT 
then their apparent depth it ph 21 

Example 5: 4 vertical microscope is focussed on a point at the bottom of an 
empty tank. Water (r.i.—3) is then poured into the tank. The height of the water 
column is 4 cm. Another lighter liquid which does not mix with water and which has 
ar.i. of $ is then poured over water. The height of the liquid column is 2 cm. 
What is the vertical distance through which the microscope must be moved to bring 
the point object in focus again ? à (LT. 1971] 


Ans. A is the point at the bottom of the tank [Fig. 3.15], DA= 4 cm, the 
depth of water and ED=2 cm, the depth of lighter liquid. As p for water ($) is 
less than that for the liquid (u$), water is the rarer medium and the liquid the 
denser one. Now a ray AB from A, travelling through the rarer medium water, 
is refracted into the denser medium bending towards the normal. When produced 
backward, the refracted ray appears to come from P i.e. P is the virtual image of A. 


Bro. App. height of the object 


According to art 3.11(@). = 
po Real ,  » » » 


3/4 DP 3513 31. 3^9 

or 2 3^ DA or DP—DAx;x dris joo 

Now the ray BC, travelling from the 

liquid into air, is refracted away from 

the normal as it is going from a denser to 

a rarer medium. When the refracted 

ray is produced backward, it appears to 

come from P' which is the final image of 
A. From art 3.11(a), we get, 


. Real depth of the object (EP) aa IEN 
APD: tps we (EPD 2 SEP’? 


Now EP=ED+ pp=2+5= > tot; 


p 


2 2.13 
a EP= =x —=4 . 
BPX EPS IK I Hom Fig. 3.15 


So, AP'—AE-—EP' —6—44—12 cm. i.e. the microscope should be’ raised 
through 13 cm. 

Example 6: A small object is placed on the principal axis of a concave 

mirror of focal length 10 cm at a distance of 32 cm. _ By how much will the position 


and the size of the image alter when a parallel’ sided glass slab of thickness 
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6 cm. and r.i. L5. is introduced between the centre of curvature and the object ? 
The parallel sides of the slab are perpendicular to the principal axis of the mirror. 

: Ans. Let P be the position of the object. 
Its image given by the mirror O when the block 
of glass is not placed, may be found out from 


2 
A 1551.3 
EG [e] the equation, 2n "m 
- ; gear iy Leet 
v 3 10. v 10 32 160 
van rr 14/5 cm 
Fig. 3.16 
AGPS v. | 1600 5 o 
The magnification m=7~ Aur ria 


When the glass slab A is placed, the rays from P appear to come from P' 


u 
The distance of P' from O, the pole of the mirror is, therefore=32 -2— 30cm. 


whose displacement from P=t ( -1) =6 (i - a cm. 


Again, from the equation iim = f we have, 
v uf 


sip por d si 
- —=— O -= — | -= — » = 
v 39 10” o 10 3 15 ^ D 


The image is displaced by =15-— 14°5=0'5 cm. 


The magnification=~ = ae 
u 30 


Example 7: A small quantity of water is kept in a concave mirror of 30 cm. 
radius of curvature. Keeping a pin at a distance of 22 cm. from the mirror it was 
found that there is no parallax between the pin and its image. Find the refractive 
index of water. 


Ans. Let P be the position of the pin [Fig. 3.17]. For the formation of 
the image at P, rays of light from P, after being refracted 
by the water, should be incident on the mirror at 
C (say) normally because in that case, the rays will 
retrace their paths and form image at P. So, when 
CN is produced, it passes through O, the centre of 
curvature of the mirror i.e. CNO is a radius of curvature. 


Let NM be drawn perpendicular to the surface of 
water at N. Here, angle of incidence i= /.PNM— Z.NPA 
and angle of refraction r= 4 CNE- NOA. If p be the 
r.i. of water, _ 


m X sin NPA NAJPN . ON 
sin r sin NOA NAION PN 
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As the ray PN is very near to the principal axis of the mirror. ON=OA and PN= 
OA 
PA. Soy gy 
RANT gj] 

Again if the depth AB of water be very small compared to PA or OA, then 


OA=OB and PA=PB. Hence =o Now OB=radius of curvature of 


the mirror=30 cm. and PB= distance of the pin=22 cm. So pi - 136 (nearly). 


[N.B. For the sake of understanding, the depth of the liquid has been exaggerated.) 


3.11. Atmospheric refraction : 

The atmosphere, we all know, gradually loses its density as its height 
increases above the sea level. So the rays of light proceeding from the sun 
or the moon cannot travel in straight lines but are refracted more and more 
towards the normal as they pass through the successive lower layers of the 
atmosphere. Since an observer on the earth's surface sees any heavenly body 
in the direction of the rays reachmg him, the objects always appear higher up in 
the sky than they actually are. Due to such atmospheric refraction, the sun or 
the moon becomes visible sometime before they rise and remains in view for 
some time after they set. 

Twinkling of stars : If you look at the night sky, you will see that some of 
the heavenly bodies are giving out steady light while the brightness of some other 
is constantly changing. The first type of heavenly bodies are planets which are 
situated comparatively nearet to the earth and the second type are stars which 
are situated far away from the earth. Why do stars twinkle ? 

Have-you ever tried to see an object through the heated air over a burning 
oven ? You will see that the object is quivering. This quivering is caused by the 
continuous change of density and hence of refractive index of air due to irregular 
heating. The stars twinkle for the same reason. The temperature of different 
layers of atmosphere does not remain steady. The temperature continually 
changes causing à change in the refractive index of atmospheric air. Now a good 
concentration of rays in a particular direction must reach an observer to enable 
him to see a star brightly. This cannot, however, happen continuously because 
of the variations of refractive index of the air due to which the courses of the 
rays alter at every instant. The amount of light reaching the eye of an observer 
in a given direction being thus not steady every moment, à star appears to be 
twinkling. 

Planets, however do not appear to twinkle, for planets being comparatively 
nearer to the earth the amount of light received from them on the earth is much 
stronger. Atmospheric refraction cannot cause any appreciable change to their 
brightness. 

A few interesting phenomena concerning refraction : 


(i) Keep a glass rod partly immersed in glycerine kept in a glass vessel. 
If you, now, try to see the portion of the rod immersed, you will not be able to see 
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it. Refractive indices of glass and glycerine are exactly equal. They behave as 
one single homogeneous medium. As a result, rays of light are not reflected or 
refracted through glass. Moreover, glass and glycerine both being transparent 
glass becomes invisible through glycerine. In the same way, 4 rod of flint glass 
immersed in carbon disulphide becomes invisible because the refractive indices of 
carbon disulphide and flint glass are equal. 

(ii) Ordinarily glass is a transparent substance ; light easily passes 
through glass. But glass, when powdered, becomes opaque. Rays of light cannot 
pass easily through glass powders ; they are refracted several times by numerous 
glass particles. For this reason, powdered glass becomes opaque to light. If 
water is poured in the powder, it becomes transparent again. Light finds easy 
path through water layer and is transmitted through it. 


3,12, Total internal reflection : 
When light passes from one medium to a more optically dense medium, there 
will always be both reflection and ref raction 
for all angles of incidence, more light 
being refracted than reflected. In fig. 
3.18., a ray of light first passes from air 
into glass and then from glass into air. 
In each case, there are reflected and 
refracted rays. But this is not always the 
case when light passes from a denser to 
a rarer medium. 
Suppose AB is the surface of separa- 
tion between air and water. A ray of 
Fig. 3.18 light P,O from a point object P; in water 
is incident on the surface of separation at Q with a small angle of incidence [Fig. 
3.19(i)]. Here we get both a refracted ray (OQ) in air and a reflected ray (OR; 
in water, the latter being relatively weak. If the angle of incidence is gradually 
increased the angle of refraction also increases until, for a certain angle of incidence 


(ii) 120 (iii) i26 


Fig. 3.19 


(i=0), the refracted ray OQ, just grazes the surface of separation. At this stage 
the angle of refraction is just 90°. Until now, à comparatively weak reflected ray 
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OR, is obtained inside water and a strong refracted ray goes out into the arr. 
Fig. 3.19(ii)]. 

Since it is impossible to have an angle of refraction greater than 90°, it 
follows that for angles of incidence slightly greater than before (i20) all the light 
is internally reflected making the reflected ray suddenly brighter and there is 
no refracted ray at all. Fig. 3.19(iii) shows such an angle of incidence for 
which the whole light is internally reflected along OR, This condition is 
described as total internal reflection. In this condition the surface of separation 
between the two media behaves like a shining mirror. 

The angle of incidence in the denser medium corresponding to which the 
angle of refraction is 90°, is called the critical angle for the pair of media concerned. 
In fig. 3.19(ii), Z P,ON is the critical angle. 

Definition : While passing from a denser to a rarer medium, if a ray of light 
is incident at an angle greater than the critical angle for the pair of media concerned, 
then the ray of light is totally reflected in the denser medium according to the ordinary 
laws of reflection. This is known as total internal reflection of light. 

Conditions for total internal reflection : 

It should be carefully noted that the phenomenon of total internal reflection 
can occur only when light travels from denser to rarer medium. The phenomenon 
cannot occur when light travels from rarer to denser medium, for example from 
air to water, as a refracted ray is then always obtained. 

The following conditions are, therefore, necessary for total internal reflection 
of light : (1) The ray of light must pass from denser to rarer medium and (2) 
angle of incidence must be greater than- the critical angle for the pair of media. 

Relation between critical angle and refractive index : 

Suppose ZP,ON=9, the critical angle between water and air [Fig. 3.19(ii)]. 
The refracted ray OQ. grazes the surface of separation and the angle of refraction 
90°, If apw be the r.i. of water with respect to air, then, 


duc d ge, S 
sin 90° ablw allo 


This is the relation between the refractive index and the critical angle. 
Example 1: Jfr.i. of glass with respect to air is 1°52, what will be the critical 
angle between them ? 


. i- 
Ans. Let the critical angle be 0. We have sin AFE Here aug —1:52. 
: ze 


Hence, sin p= 1-0 659 sin 41° (nearly .. 0=41° (nearly). 
Example 2: A ray of light passes from glass to water in such a manner that the 
refracted ray just grazes the surface of separation. If the r.i. of glass and water 
with respect to air be I5 and 1:33 respectively, find the angle of incidence of the ray. 
air ug 15 442 


Ans. We know, wha — cit jw 


— 
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Since the refracted ray just grazes the surface of separation the critical angle 
between glass and water will be the angle of incidence. 


Now, sin oct sb oso i 0=62°54" (neatly). 

| ilios di 

Example 3: 4 ray of light is travelling from diamond to glass. Calculate 
the minimum angle of incidence of the ray on the diamond-glass interface such that 
no light is refracted into glass. for glass-- 1:51 and that for diamond=2'47. 

[LLT. 1977) 

‘Ans. It is clear that the minimum angle of incidence is the critical angle 

between diamond and glass. If 0 be the critical angle, then, 
gin o LZ Be = DSL. 961 13-—sin 37°42’ 
gua Ha + 
the minimum angle of incidence—37^42". 


Example 4: The refractive index of a liquid for red light is 1°64 and the 
difference between the critical angles for red and blue light at the liquid-air interface 
is 0°53’. What is the refractive index of the liquid for blue light ? sin 37°30'= 
0:609 ; sin 36°37'=0'596. 

Ans. Suppose pr and 0, are the r.i. and the critical angle of the liquid for 

- 1 1 1 
red light. Then, sin 0-=—= —=0°609 ..  9=37°30' 

igh n, Sin. Seen m rg r 
The critical angle 9» for blue light is evidently less than that for red light. Hence 
@p=37°30’ —0°53’=36°37’. 

A : y 1 1 

The r.i. for blue li Dal = 0 Y ad 

eht Hoo, sin 36°37" 0596 

Example 5: The base of a cube of glass of r.i. y, is in contact with the surface 
of a liquid of r.i. is. Light incident on one vertical face of the cube is reflected inter- 
nally from the base and emerges again from the opposite vertical face in a direction 
making an angle 0 with its ‘normal. Assuming u> pis, Show that the light has just 
been totally reflected internally if p= V (qu? — sin?0). 

Ans. For total internal reflection at glass-liquid interface the angle of 
A B incidence should be equal to the critical angle, say, 9c 
[Fig. 3.20]. According to the condition of total internal 
reflection, 


s sin $e Now, if i be the angle of incidence 


1 
on the face BC, i=90° — 4c. 
rorem ee a sin 0 _ sin 0 
Ma »Mr-7sni sin (00°— 0.) _ cos Oe 
Fig. 3.20 Again, cos 0,—4/1 —sin? 9,—( V Hy? —Ha®)/ ba 
ey sin 0 — p, sin 9 

cos 0, Vp? Hs" 

So, uo v ut~ sin? 0, 


1:67 


or, pê- pasin? 0 


oo 
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3.13. Proof of total internal reflection from the laws of refraction : 
In the preceding article, we have seen that sin oi where 0 is the critical 


angle and p, the r.i. of the denser medium with respect to the rarer. Now, it can 
be proved in the following way that for an angle of incidence greater than the 
critical there can be no real value for the angle of refraction which means that 
there cannot be any refracted ray. 

Let us suppose that if possible, refraction takes place for an angle of inci- 
dence / i greater than the critical angle [Fig. 3.19(iii)] and the angle of refraction 


= / r. According to the laws of refraction, m. 2 or, sin r=p sin i... .(i) 
sin r 


Since i>6, sin i>sin 0. or, sin zb sin i] 


So from eqn. (i), we get sin r>1. But sin r cannot be greater than | for 
any real value of r. Hence, under the above condition (i.e. for angle of incidence 
greater than critical angle), the ray of light cannot be refracted ; it is totally reflec- 
ted in the denser medium. 


3.14. A fish eye-view : 

Suppose a man is standing at the bank of a pond. If a ray starting from 
the man almost grazes the E 
surface of water and is refrac- 7 
ted to the eye of a fish, then 
the angle of refraction in the 
water will be 49°, because the 
critical angle between air-water 
interface is 49° [Fig. 3.21]. 
No other ray from above the 
surface of water will be able 
to reach the eye of the fish at 
an angle greater than this. 
So, the fish will see the man Fig. 3.21 
along the line OAB which makes an angle of 49° with OP. If there be a tree on 
the opposite bank it will appear to the eye of the fish, as if situated along the line 
OCD which also makes an angle of 49° with OP. Hence, all objects above the 
surface of water will appear to be situated within a cone of angle 98° to the eye of 
the fish. We, on the surface of the earth, see the sun to describe an arc of a circle 
of 180° in air but a fish in water will see it as an arc of circle of 98° for the above 


reason. 

If the fish looks beyond the cone mentioned above, it will see objects lying 
in the water, For example, a ray starting from an object S in the water, when 
incident on the surface, will have an angle of incidence greater than 49° and as 
such, it will be totally reflected inside water and will reach the eye of the fish. 
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The object S will, as a result, appear to be at S' to the fish. For this reason, the 
water surface will appear to the fish as a shining mirror with a hole at the centre 
through which all objects lying above the surface will be visible to the fish. The 
radius of the hole is evidently CP or AP. 


If PC=PA=r and PO=h, then tan ZPOC—. 
Again if 0e be the critical angle (in this case 49°) / POC=6, 


r=h tan deo e a = fx sin H 
c uy 1- p°- 1l u 


u 


3.15. Natural illustration of total internal reflection : 


An optical illusion takes place in deserts or in cold countries. The traveller 
in a desert often sees what appears to be a sheet of water a short distance ahead 
ofhim. This he is never able to reach. . In cold countries, an inverted image of 
a distant object is sometimes found hanging in the sky. Such optical illusions 
are called mirage. They are brought about by total reflection of light. 


(a) Mirage im the desert: The layer of air in contact with the hot sand 
bed of a desert becomes very hot and expands, thus becoming less dense than 
cooler layers above. In the absence of wind, the atmosphere of a desert may 

f be thought of as consisting of 
layers of air of increasing 
density upwards as the 
altitude increases. A ray 
of. light coming from the 
point P of a distant tree 
through the cool air layers 
are refracted away from the 
normal. The refraction is 
thus increased as the ray 
passes down to successively 

Fig. 3.22 lower layers and so it 

travels along a curved path as shown in fig. 3.22. Finally, the ray meets a hot 
surface layer near the ground, say at Q where the angle of incidence becomes 
greater than the critical angle for the two successive layers at Q. Total reflection 
then occurs and the ray passes upwards being continually refracted into, denser 
and denser layers, finally reaching the eye of the observer. A virtual image of 
the point P is therefore seen at P’. The hot surface layer of air thus acts as a 
mirror in which an inverted image of the tree is seen. The inversion of the image 
produces in the mind. of the traveller an impression that the image is formed by a 
pool of water. ; 

Further, due to continuous change of temperature, the density and hence 
the refractive index of the layers of air change. This gives the image a quivering 
appearance, as if the pool of water is disturbed by slow air current. All these 
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combine to give a complete impression aboüt the existence of a pool of water 
ahead but on approaching it, the pool disappears and the traveller is very much 
disappointed. 

For the same reason, when a long and straight asphalted road bathed by 
strong sun-light is viewed, a portion of the road ahead appears shining and wet, 
as if there has been rain there. It is also a sort of optical illusion. 


(b) Mirage in cold countries : In cold countries, the density and hence 
r.i. of layers of air decreases as the altitude increases. So, a ray of light from a 


r 


distant object (say, a ship) 
while proceeding upwards, 
is refiacted away from the 
normal at each upper layer. 
The angle of incidence, 
gradually increasing in this 
way, becomes so at a parti- 
cular layer that it exceeds 
the critical angle and the ray 
suffers total reflection. It 
then begins to travel down- » 
wards. The object, there- Fig. 3.23 

fore, appears inverted and hanging in the air as shown in the fig. 3.23, 


(c) Sparkling of diamond : For diamond, therefractive index is 2:42 and 
the critical angle is only 244°. The faces of diamond are cut in such a way, that 
a ray of light entering the crystal, is incident at a face at an angle of incidence more 
than the critical angle and suffers total internal reflection. In this way, a ray 
suffers multiple internal reflections at various faces. There are, however, a few 
faces available where the angle of incidence is less than the critical angle and the 
rays energe through those faces. All the rays entering into the crystal are condensed 
as a result of multiple internal reflections and when they finally emerge, they 
produce the sparkling. 


As a matter of fact, the brilliance of all precious gems is due to total internal 
reflection. 


(d) Total internal reflection of radio waves : 


Radio waves are electromagnetic waves. Light waves and radio waves are same in nature. 
Radio waves have all optical properties. Propagation of short wave length radio waves from 
one place to another is due to total internal reflection of the waves by ionised layer known as 
Appleton layer. 

When a radio wave from a transmitter is sent skyward, it is refracted away from the normal 
on entering the ionised layer, just like ordinary light waves. At some height, a critical angle is 
reached and the wave then begins to be refracted downward. After emerging from the ionised 
layer it returns to the earth, where its presence is detected by a radio receiver. 
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3.16. Refraction of light by à prism : 
Prism: It is a triangular block of a refracting material, Say glass, the 


H 


surfaces of which are all inclined to one another 
and edges are all parallel. Of the five surfaces of 
a prism, three are rectangular and two triangular. 
Fig. 3.24, shows a prism. EH is one of the edges 
of the prism. ABC is the principal section of the 
prism. It is at right angles to the edges of the 
prism. Whenever we shall discuss refraction of 
light through a prism, we shall consider the ray of 
light to lie in the principal section. The angle 
BAC is called the refracting angle and BC, the 
base of the prism. The two surfaces AB and AC 
Fig. 3.24 are called the refracting surfaces. 


‘Consider a ray PQ incident on the surface AB of the principal section 
ABC of a prism (Fig. 3.25). When the ray enters 
the prism, it is refracted. The refracted ray OS 
bends towards the normal drawn to the surface 
AB. It is now incident on the other surface AC 
at S and will emerge into air again. The ray will 
again be refracted at S and the emergent ray ST 
will bend away from the normal drawn to the 
surface AC. SO, POST is the complete course 
of ray through the prism. It is clear from the 
figure that the ray, in passing through the prism, B 
is turned towards the base BC of the prism i.e. the 
ray undergoes some deviation. The angle between 
the direction of the incident ray PQ and the direction of the emergent ray ST 
measures the angle of deviation. 


It is to be noted here that the ray will be deviated in the opposite direction 
i.e, towards the vertex A if the material of the prism is less dense than the surround- 
ing medium. 

Measure of the angle of deviation : Let PQST be the complete course of 
a ray of light through the prism ABC 
(Fig. 3.26). PQ and TS, when produced, 
include an angle § which is the angle of 
deviation of the ray. The angles of inci- 
dence and refraction at the face AB are i, 
and rı The angles of incidence and 
emergence at the face AC are rz and i; 
respectively. 

Now, since the arm OR of the 
Fig. 3.26 ARQS is produced, the exterior 


Z8=ZROQS+ £RSQ»(i, n) -reitit 


Fig. 3.25 
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In the quadrilateral AQOS, the sum of the four angles=4rtZs. i.e. 
Z4A4- 0+ LAQO+ LASO=4rt. ZS. 
But ZAQO+ ZASO=2rt. Ls. [. QO and SO are normals to AB and 


AC respectively] 
A+ L0-—2rt, Ls. 
Again, in AQSO, ZO List Lrart.Z5 
LA-— Lryt Za E d) 
Hence, §=i,+i,—-A T .. (i) 


3.17. Angle of minimum deviation : 


From the eqn. (ii) of the preceding article, itis clear that for a prism of given 
refracting angle, the deviation 8 depends upon 


the angle of incidence is. If i, be changed, the Ed 
deviation also changes. But it has been seen ES 
that for a given angle of incidence the à 
deviation becomes minimum i.e. if the angle of $ 
incidence is greater or less than the given value, E: 
the deviation always increases. If a ray be 2 


allowed to be incident on a prism at various 
angles of incidence and the corresponding devia- O—u A 
tions be measured, then a graph drawn between Fig. 3.27 

i and 8—known as i—8 curve—looks almost like a parabola as shown in fig. 3.21. 
From the figure, it is seen that for a particular value of the angle of incidence 
(given by OA) the deviation becomes minimum (8m). For any other angle of 
incidence, the deviation is greater. The minimum value of the angle of deviation 
is known as the angle of minimum deviation. If a prism is so placed that a ray 
suffers minimum deviation through it, the position of the prism is called the 


position of minimum deviation. 


3.18. Condition of minimum deviation : 


Mathematically it may be proved in the following way that in the minimum 
deviation position, the angle of incidence (i) equals the angle of emergence (ia). 


From fig. 3.26, we have, 


ith sin iy {u=r.i. of the prism] ~ sin i sin is 
sinr, Sin rs sin ry +sin rs 
` itis i—i , 8--À i—i 
HS cos == sin—— | cos —— 
2 sin 2 c 3 2 5 


or, Ht or, — X — MA 
Ate rr i "TE 
2 gq eae COS sin 5 COS cr 


2 2 2 
[Using eqns (i) & (ii) of art. 3.16] 
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Since p is à constant quantity, the product of the two factors on the L.H.S. 
of the above equation is also constant. Hence, when 3 is minimum, 


(oo) 8--A i—i 


sin—— cos ay 

is also minimum, or is maximum because the 
r-r 

TI (2555) 


product of the two is constant. 
se rotation of the incident 


If mis ne Again (i— ig» - r2 becau! 
ray in-air is greater than the rotation of the refracted ray in the denser medium. 


i—i 
d gos 
i= A 2 
S h he Leos — or, eee a) | 
rile 
cos —=— 
2 
Again, if ils, "<"> 80, (i4 i09 037 2 S cos (iy — i) «cos (rar) 


cos atn tos — e). os (274 
iui. dem on 
aes cos (5 3E ES cos = 
2 2 2 


So, we see that whether ii, OF ici» 


if is always less than 1. 


rT 
cos (a ) 
7 
i» equal to 


. But when i,—/s OT for that reason r,—^s the aforesaid quantity i» 
1 which is its maximum value. 

Hence, for the deviation to be minimum h=} OT, 17^» 

It follows that in the minimum deviation position, the light passes symmetri- 


cally through the prism 


[Alternative calculus method : 
We have seen that 8—i i44 and A="itle 
^" dis and donit (4 is constant] 


Differentiating Y we geh oq =1+— di, 
When 3 becomes minimum E =0 . di. _1 Also dry. -1 
di 1 di, dr ry 


Considering refractions at O and S (fig. 3.26) we have, 
: sin i=! sin rı 
and -sinih sin rə 
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Differentiating the above equations, we get, 
cos i,.di, =p cos r,.d/ 
and cos ig.dig=p1 COS rs.drs 
cos i di cosr, dr, 
cos pe di, cosr, dr; 
dr, cos ase COS r, 


—1 and == —1, we have, 


: i 
Since, == 
"Oty dr, cosi, cosr 
2 2 


1—sin*i, 1-—sin?r, 
l-sini, 1—sin® ry 

Multiplying both the numerator and the denominator of the R.H.S. of the 
above equation by p°, 


1—sin*i, p*—-p'sin^ m. y sin? i (From Snell's law) 


Tesin® i, pè- pesin? re p°- sin? i, 
A (p?—sin? ij) —(1 —sin* i) Pla 
(p sin? ij—(1—sin?i) p°- 1 
sin? i,—sin? i, or =i: 
So, the minimum deviation occurs when the angle of incidence (i) is equal 
to the angle of emergence (i). From this we get r;—7;]. 


Squaring and changing we get, 


. 


3.19. Refractive index of the material of the prism : eg 
We have seen, 5=i,+i,—A and A=n+rs RYA $ed) 
When a ray passes through a prism with minimum deviation, we have seen 
in the preceding article that the angle of emergence (i) becomes equal to tlie angle 
of incidence (i). In other words, when 8—8, (minimum), iSi, and r,—rs. 
8m+A : : 


So, 8, —2i4— A or h= [From eqn. a s Further, A=2r, or nat 


eS 2 
Now considering refraction on the refracting surface AB, the angle of 
incidence=i, and the angle of refraction=r,. If Ji be the r.i. of the material of the 


^ sin r4) 
; sin ty 2 
prism, then, =-— = 


sin ry 


ane 
2 

‘So, knowing èm and the refracting angle A of the prism, the r.i. of the 
material of the prism can be found out. 

Example 1: The refracting angle of a prism is 60° and the angle of minimum 
deviation of a ray passing through the prism is 30°. What is the r.i. of the material 
of the prism ? 

Ans. Here, A=60° and $8,230". 

f 9mt 4A ..f(30-- 60 
sa( t- ) sa( 2 ) sin45" 1 


VE AW, te oO win 30 Gi 2 
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Example 2 : The refracting angle of a prism is 60° and the r.i. of its material 
is 1:5. What is the angle of minimum deviation ? sin 48°35 '=075. 


Ans. Here A=60° and p=1°5. 


s (A sin 2 
W: know, =- or, L5— 
sin— sin— 
2 2 
sin! Bm 60 sin bat) 
2 2 . {8m+60 
= 0:75=sin | —5— 
sin-30° 1 2 
2 
or, sin 48°35’=sin (ear F tat agas! or, 34-3710 . 


Example 3: One face of a prism of r.i. 1'5 and angle 75° is covered with a 
34/2 
liquid of r.i. av . What should be the angle of incidence of the light on the other 


face of the prism for which light is just totally reflected at the liquid covered face 2 

[Jt. Entrance 1982] 

Ans. Let ry be the critical angle 

between prism-liquid interface. Let the 

ray QR be incident on the face AC at an 
angle ro. Under this circumstances, 


34/2 


sin 90° x Fagus rox V5 


34/2. 10 tae 


Ot, sin lo = yam 15^ yr 45? 
Fig. 3.28 oft" 
But Zr+ Zro=ZBAC or Zr445°=75_ ~ Zr=30 


If i be the angle of incidence at the face AB, [Fig. 3.28] then 


sini (5 of sini=l-Sxsin r=l'5 xsin 30°=1:5%$=0°75 
sin r 
—gin-! 0°75 =48" 35 

Example 4: A ray of light traverses a prism of r.i. I6 and just undergoes 
total reflection at the second face. If the refracting angle of the prism be 60° what 
is the angle of incidence at the first face ? Given sin 38°41 '—0:6250 and sin 35°48 
—0:5850. 

Ans. If r, is the angle of refraction at the first face and r, the angle of 


incidence at the second, then A-r br, Since, the ray is totally reflected at the 


second face, sin r= t= 62507 sin gpl s ra 38°41 
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Now, 4=r,+r, or 607—7,4-38'4l' or, r, =60°—38°41'=21°19". 


suppose, i is the angle of incidence at the first face. Then 


he sini — sini — sin i 
sinr, sin 21°19’ 03656 
Hence sin i=1°6 0:3656—0:5850 (nearly)=sin 35°48’. .. i—358.. 


3.20. Refraction through a thin prism at a small angle of incidence : 


A prism is regarded to be thin when its refracting angle (Z BAC in fig 3.29) 
is 5° or less. Since the angle of incidence is A 

very small, the angle of refraction r, is also 
small, so that sin r,—7, and sin ij=i. 
Further since A is very small i, and rs are 
also very small and sin i5—i; and sin ra—7s. 


Now, considering the refractions at 
the two faces of the prism (fig. 3.29), we can 
write, sin =p sin r, or 447... (i) 


Also, sin ig=p sin ra or is= Hra.. - - [ii] 


We know, 8=i,+i,—4. : Fig. 3.29 

Substituting the values from equation (i) and (ii), we get, 
3—u(n--r)- 4-B4-4 [^ Aantal 

or, | $—4(p— 1). 


Hence, the deviation of ray through a thin prism does not depend upon the 
angle of incidence provided it is small. 


Example: 4 glass prism of refracting angle 5* and refractive index, 1:52 is 
placed in contact with another prism of material having r.i. 1°63 with their refracting 
angles turned in the opposite directions. A ray of light, incident normally on the 
first prism, passes through the combination without any deviation. What is the 
refracting angle of the second prism ? 


Ans. In the case of a thin prism, the deviation of a ray 3 is given by 
5—(u-1)4. Since the ray passes out undeviated, the deviation produced by 
the first prism is equal and opposite to that produced by the second. That is, 


8,95 
or (u-1) Ay=(Ha- 1) Aa 
or (L52-DX 5—(1:63 —1)4; 
or 0:52x5—0:63x 4; 
5x 932. 4e 
0:63 


or A= 8' (nearly) 


Ph II—6 
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321. Some specific uses of prism af 
(i) Total reflection prism: ABC isa right angled isosceles glass prism. 
A beam of parallel rays is incident normally on the 
A surface AB. The rays will enter into the prism 
without any deviation and will fall on the hypotenuse 
face AC (Fig. 3.30). The angle of incidence of these 
rays at this face is 45° ; but the critical angle between 
glass and air is about 41°45’. So, the rays are totally 
reflected and they fall on the face BC normally. The 
rays, then, emerge from the prism without any further 
change of direction. Such a prism is called a total 
reflection prism. It is to be noted that the original 
Fig. 3.30 beam of rays is deviated through 90°. 

The above action of a total reflection prism is very much similar to that of 
a plane mirror, for, if a plane mirror be placed in the position AC instead of the 
prism, the beam will be reflected in the same way as before. For this reason, 
total reflection prisms are used in many optical instruments in place of plane 
mirrors. Prisms have got several advantages over plane mirrors. The advantages 
are as follows : 

(a) Due to reflection and refraction at the front and back surfaces of a 
plane mirror, multiple images are produced and there is a loss of brightness of the 
i Since total reflection of light takes place in a prism, the image becomes 
very bright and there is no confusion due to multiple images. 

(b) There is a silvering at the back of plane mirrors, which gets tarnished in 
course of time. The image produced by such a tarnished plane mirror is obviously 
feeble. Such thing does not happen in a prism because it does not require à 
silvering. It always gives a bright image. 

(c) Some light is lost due to scattering in à plane mirror which is almost 
absent in a prism. y 


Example 1: 4 ray of light incident normally on one of the faces of a right- 
angled isosceles prism is found to be totally reflected. (i) What is the minimum 
value of the refractive index of the material of the prism (ii) When the prism is 
immersed in water, trace the path of the emergent rays for the same incident ray, 
indicating the values of all angles. & of water=4/3. [LLT. 1973] 


Ans. (i) Let ABC be the right-angled isosceles prism and a ray be incident 
on the face AB normally [Fig. 3.31]. The ray passes into A 
the prism straight and is incident at D on the face AC. 
From the figure it is clear that, the angle of inci- 
dence at D=45°. Since the ray is just totally reflected at 
D, the critical angle between the glass and air is evidently 
45° ie. 0,—45". If pbe the r.i. of the material of the 


prism. sin o= ; so sin ard or po/2= 1-414. 
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(ii) Now. r.i. of glass with respect to water why= ae v2x3=106. 
If 0%’ be the critical angle between glass-water interface, then 


gsn Lsi LL. sint 09434—sin 70°48" -A-nna 
whg 1:06 


But the angle of incidence of the ray at D=45°. 
Since the angle of incidence is less than the critical 
angle, the ray will be refracted into water [ Fig. 3.32]. 
It will not undergo total internal reflection. Assuming 
the angle of refraction to be r, we get from 
Snell’s law, Fig. 3.32 


/2xsin 45°= 4 xsin r, or «sin r—3—0:75—sin 48°30’... r=48°30". 
a 


Wy 


pniurprp gt pt] 


Example 2: Three right-angled prisms of refractive indices M, Ho Ha are 
fitted together so that the faces of the middle prism are in contact each with one of the 
outside prisms. If a ray passes through the composite block without any deviation, 
show that y4*4- p? — uo? —1. [LLT. 1969] 


Ans. POQRST is the path of a ray of light through the combination of the 
prisms. [Fig. 3.33] As the ray 
passes out undeviated, the incident 
ray PQ is parallel to the emergent 
ray at T. ; f 
: i Let the angle of incidence at Q be 
Fig. 3.33 i, and angle of refraction=r,, | As the 
angle of the prism is 90°, the angle of incidence at R is rj—90? =r; [*..— Astle): 
If, be the angle of refraction at R, the angle of incidence at Sis (90°— rg. Again, 
if angle of refraction at S be ra then the angle of incidence at T=90° —7,: Again 
since the incident ray PQ and the emergent ray are parallel to each other the angle 
of emergence at T=90° — i. 


Now considering refraction at Q, sin /,—H sin ry 

or sin? i=? sin? r, DEDE Ch) 
For refraction at R, p sin (90° —r,)=He sin rs 

or ju? cos? r=" sin? rs 5 (ii) 


For refraction at S, y, sin (90? — r5) ts Sin. ra 


or ps? cos? ry—ys* sin? r4 <.: (dH) 
For refraction at T, p sin (90? — rj) —sin (90? — i5) 
or p? cos? r,—cos? i «s» V) 


Adding eqns (i) Gi) (iii) & (iv) we get 
us? Hs —14u or m+- =l, 
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(ii) Erecting prism’: With the help of this prism, an inverted image may 
be made erect. It is also a right angled iso- 
sceles glass prism (Fig. 3.34). Suppose QP 
is an inverted image of the candle. Light 
from the candle parallel to the base or hypo- 
tenuse face BC enters the face AB of the 
prism. Total reflection occurs at the base, 
because the angle of incidence exceeds the 

Fig 3.34 critical angle. Asaresult the rays passing 
through are inverted without any change of direction, giving an erect image PQ. 
It is important to note that the deviation, here, is nil. 

In many optical instruments like telescopes, 
binoculars, periscopes etc., erecting prisms are 
used in order to make an inverted image erect. 
There is, however, another way in which the above 
prism may be used to make an inverted image 
erect. 

Suppose, an inverted image PQ is formed 
in front of the hypotenuse face BC of the prism 
ABC (Fig. 3.35).. Light from the image PQ is 
incident perpendicularly on the hypotenuse face Fig. 3.35 
and the rays will undergo two internal reflections 
inside the prism and finally emerge parallel to its original path but travelling in 
the opposite direction. As a result, the final image Q,P, becomes erect. It is 
to be noted that the deviation of the ray, in this case, is 180°. 


Gii) Prism Periscope: A simple periscope, made of plane mirrors, has 
been described in art 2.8. In improved type of periscopes, however, total reflec- 
tion prisms are used in place of plane mirrors, 
because prisms can produce brighter image than 
] mirrors. Fig. 3.36 shows the section of a peris- 
cope. 
` Two right-angled isosceles prisms are fitted 
ina tube with their hypotenuse faces parallel to 
each other. A ray of light coming from a distant 
object—say a tree, is totally reflected by the hypote- 
nuse face of the prism P, on to the parallel hypote- 


Fe nuse face of the prism P, wherefrom it is again 
í totally reflected parallel to its original path, to 
Fig. 3.36 the eye of the.observer. The object then becomes 


visible to the observer. Due to total reflection of light, the image is very bright. 
Further, it is magnified with the help of lenses. 


322. Limiting angle of incidence for a prism of given angle for no emergence : 


Suppose a ray is incident on the surface AB of a prism of given angle A, 
at an angle of incidence i, so that it emerges from the other surface AC just 
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grazing the surface [Fig. 3.37], The required limiting angle of incidence in this 
case is 7, because at a smaller angle, the ray will 
be totally reflected at the surface AC and will 
not emerge from it. The reason is that when 
i, decreases r, also decreases but rą increases 
because 7,4-r5—4, which is constant. 


Since the emergent ray grazes the surface 
AC, ig=90° and r,—9., the critical angle. 


Also, A=r,+rg=rit9e 
r—4- 9, Fig. 3.37 


võ 


Further, sin o=: and cos 0,—4/1— sin? 0,— 


Now considering refraction at Q, we have, 
sin ij—p sin r;=p sin (4— 0c) 
=, sin A. cos 0,—p cos A sin 0, 
=p. sin AVWA cos A. : 
H H 
—sin A yp?—1—cos A. 


_ Example: The refracting angle of a prism is 60° and its refractive index is 
v7. What is the limiting angle of incidence of a ray that will be just transmitted 
through the prism ? 


Ans. The limiting angle of incidence is given by, 
sin i,—sin A44/p?—1-—cos 4. Here, A=60° and u—4/7 ; Hence, 


Phu RUNE MER T ES d 2 ji» die 
sin j—sin 60° 4/7 — 1 —cos gr- 3x ti = dpe, 


3.23. Limiting angle of a prism for no emergence : 


Although the material of a prism is transparent to light, yet light will not 
pass under all circumstances, through a prism. . It depends upon the refracting 
angle of the prism. It may be proved that there is a limiting value of the angle of 
a prism, beyond which light will be refused transmission through the prism, what- 
ever may be the angle of incidence. T 

Let PORS be the course of a ray of light through a prism ABC (Fig. 3.37). 
The.ray RS emerges just grazing the surface AC. The angle of incidence at 
AB=i, and the angle of refraction—r;. The angle of incidence at AC=r, and the 
angle of emergence=/,=90". 

It is clear that r4—0., the critical angle between glass and air. It is also 
clear that ZA is the limiting value of the prism angle which allows the ray to 
emerge just grazing the surface AC. From the figure, we can write, 4—r,--rs. .(i) 
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ponubis: Tt bei ; . fsin i T 
Considering refraction at Q, sin i, —p sin r, or, r,—sin emi Similarly, 
considering refraction at R, we have, sin 90°=p sin rs ; so IyP BR Substitut- 


ing these values in eqn. (i), we get, 4— sin (A i Hs in () eH oi) 


(a) When the ray is incident normally i.e. i,—0. Under the circumstances, 
the limiting value of the angle A is obtained by putting i; —0 in eqn. (ii). So, 


A=sin (E) This shows that if the angle of the prism is greater than 0e 


then the ray incident normally at AB will not be transmitted through the face AC 
—it will be totally reflected inside. 
(b) When the ray is incident at grazing angle i.e. i,=90°. Under the 


circumstances, A= sinc (^) sinc (= )=20. This shows that if the angle 


of the prism is greater than 20+, the ray incident at 90° on AB will not be transmit- 
ted through AC. 

Considering the above two cases, we can conclude that the limiting angle of 
a prism is twice the critical angle. 


Exercises 


Essay type : 
1. Prove that the incident and the emergent rays are parallel to each other when the rays 
pass through a parallel-sided block. What will be the lateral shift of the ray ? 

r.i. of the medium ‘b’ 

r.i. of the medium ‘a’ 
(b) Theratio between the wavelengths of incident and refracted waves of light is its refractive 
index. Give reasons. [Jt. Entrance 1985] 
a 1,8. @ Find the relation between the apparent depth and the real depth of an object seen 

perpendicularly through a parallel-sided glass block. 

^ (ii) There is some liquid in a pot. Establish the relation between real depth, and 
apparent depth of the liquid when viewed normally from above. How will the apparent depth 
change when viewed slantingly ? [H. S. Exam. 1979] 
4. An object is viewed through a parallel-sided glass plate. If d be the thickness of the 
plate andj the r.i. of glass, then prove that the apparent displacement of the object towards the 


2. (a) For two media, ‘a’ and ‘b’ prove that „u? — 


Observer (u.— ve Also prove that the apparent displacement of the object is independent of 


its poritión below hb: glass plate. [H. S. Exam. 1980] 
5. Clearly explain ‘total internal reflection’ and ‘critical angle’. What is the relation 
between the critical angle and the refractive index of the denser medium ? — [H. S. Exam. 1983] 
State whether critical angle is available in the following cases :—(i) rays of light are going from 
air to glass and (ii) rays of light are going from glass to air. 
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6. What is a mirage ? Explain, with a neat diagram, how a mirage is formed ? Is it 
a real or a virtual image ? } 

7. We, on the surface of the earth, see the sun to describe daily an arc of a circle of 180° 
in air but a fish in water will see it as an arc of a circle of 98°. Explain. 

8. What is a prism? Cite some specific uses of prisms. A ray of light is incident 
normally on a refracting face of a prism whose refracting angle is 60°. Draw the path of the ray 
through the prism. Suppose the critical angle for glass is 42° and that the prism has two faces. 

9. Describe briefly the principle of operation of a totally reflecting prism. 

LH. S. Exam. 1978, '81] 

10. What is the angle of deviation of a ray in connection with the refraction through a 
prism ? Find an expression for it and explain, with a diagram, the variation of the angle of 
deviation with the variation of the angle of incidence. LH. S. Exam. 1979] 
11. What is the angle of minimum deviation ? Obtain an expression for the refractive 
index of the material of a prism in terms of the refracting angle of the prism and the angle of 
minimum deviation. [H. S. Exam. 1979] 
12. Show that for a prism whose refracting angle is greater than twice the critical angle 
between the material of the prism and the outside medium, a ray incident at one face will not 
emerge from the other face, whatever may be the angle of incidence. [H. S. Exam. 1980] 


Short answer type : , 

13. What is refraction of light ? Explain, with neatly drawn diagrams, how refraction 
takes place in the following cases : (a) from air to glass and (b) from water to air. 

14. Answer the following questions : (a) Why does a straight stick appear bent when 
partly immersed in water ? (b) Why does à vessel full of water appear much shállower than it 
actually is? (c) Why does the sun remain in view for some time after it has already 
set ? (d) Why does a metallic ball painted black with lampblack appear shining when immersed 
in water ? (c) Why does a crack in a glass pane appear shining ? (f) An empty test tube, 
partly immersed and held obliquely in water, appears shining over the immersed. part ; why ? 
(g) On warm sunny days, asphalted roads often appear to be covered with pools of water some 
distance ahead which disappear when approached. Why ? (h) Why doesa glass rod immersed 
in glycerine become invisible ? ` 

15. What are the laws of refraction ? What is refractive index ? What do you mean 
by saying that the refractive index of glass is 1-5 ? 

16. What is meant by a medium being optically denser than another ? What is its relation 
with the physical density of the medium ? Arrange the following media according to increasing 
optical density : (i) glass (ii) turpentine (iii) ice and (iv) water. ft 

17. What is the relation between the r.i. of a medium and the velocity of light init? In 
which of the following media, the velocity of light is the greatest and the least ? (i) Air (ii) Water 
(iii) Glass. 

Ts the velocity of light in a medium for red light greater or less than that for green light ? 

18. In travelling through a prism, a ray of light of colour A is found to be more deviated 
than another ray of colour B. Which colour has greater velocity in the prism in this case ? 

19. A converging beam of the rays try to meet at a point on a screen but they are intercepted 
by.a parallel-sided glass block. Where will the rays meet now ? Draw a diagram. (LLT, 1974] 

20. What is critical angle ? What is its relation with refractive index ? 

21. Why does a piece of diamond appear more glittering than a piece of glass of .same 
shape and size ? Ir 4 i 

22. Will you call the mirage an image ? If so, is it a real or a virtual image ? 

23. Ifa prism is surrounded by a medium denser than the material of the prism, in which 
direction will a ray of light be deviated when it is refracted through the prism ? 
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Objective type : 
24. Write ‘Yes’ or ‘No’ in the following cases :— 
i 3- GIs the velocity of light same in all media ?2—— 
(ii) Does the refracted ray bend away from the normal in the case of refraction from a 
rarer to a denser medium ?2—— 
., Gi) Is the light totally reflected when it is incident on the surface of a medium other than 
that through which it is travelling — : 
(iv) Does the refractive index of a medium depend on the angle of incidence ofaray in 
the medium ?—— 
* ^ (y) Ts refraction of light responsible for the twinkling of star ?—— 
: (vi) Is ordinary reflection of light identical with total internal reflection 7—— 
"- Wii) A ray of light is incident on a prism of given angle. Will it emerge from the prism 
in all cases of incidence ?—— 
= (viii) Can total internal reflection of light be applied to deviate a ray through 90° ? 
25. Puta 4/ mark against the correct answer : 
(a) 1f the speed of light in medium no. 1 and medium no. 2 be v, and v; respectively, then 
the r.i. of medium no. 2 with respect to medium no. Lis (1) vi/va (2) vav: Q) V viva 
. (b) If the speed of light in two media of r.i. | and pla be v, and v; respectively, then 
(ovi (2) Hoi. Have (3) Haa Hats (4) vip = vap". 
(c) If light enters from vacuum into a substance, its speed decreases by 25 7, of its previous 
value. The r.i. of the substance is (1) 4/3 (2) 5/3 (3) 3/2 (4) 5/4. 
(d). A prism of gi L:5 is immersed in water, The deviation of a ray as compared to deviatoin 
in air (i) remains the same (2) increases (3) decreases (4) is doubled. 
: (e) The correct relation between the critical angle and the refractive index of the denser 
medium is (1) sin 6,=[ (2) sin 0,— 1/1 (3) sin 9,—1/p* (4) sin 0, p*. 


Numerical Problems : 
26. The r.i. of water with respect to air is 1:33 and that of an oil with respect to air is 
1°45. What are the r.i. of oil with respect to water and of water with respect to oil ? 


x [Ans. 4:07 ; 0:9] 
bs 21. (i) A picture is stuck at the bottom of a block of glass 4 cm. high. How far will it 
appear to be raised when viewed perpendicularly ? r.i. of glass=1°6. [Ans. 1-5 cm] 


. Gi) There is a spot on the inside bottom of a pot. A liquid of r.i. 1°4 is poured into the 
pot. How much will the spot appear to be raised when viewed from the top if the depth of the 
liquid is 3.5 cm ? LH. S. Exam. 1983] [Ans. 1:07 cm] 


...28. An electric bulb is placed in air at a distance of 12’ from the surface of separation of 
a denser medium of r.i. 1°5. It is viewed through the denser medium from a distance of 10’ 
below the surface of separation. Find the distance where the bulb will now be seen. 

ce [Ans. 28’ away from the eye] 
29. When a small lamp is held 1-5 metres above the surface of a tank, the image of the 
lamp seen by reflection in the surface appears to coincide with the image of the bottom of the 
tank, Ifr.i. of water is 4/3, calculate the depth of the tank. [Ans. 2 metres] 


[P t 
30. A ray of light travelling with ina rectangular glass block falls on one of the faces of the 
block at an angle of incidence 30°. Some of the light is reflected internally and the rest emerges 


into . Given that the r.i. of glass for the light is 175, calculate the angle between the internally 
ray and the emergent ray, Sin 48°40’=0°75. [Ans. 1017207] 

31. A tank contains a slab of glass 8 cm thick and of r.i. 1°6. Above this is a depth of 

4:5 em. of a liquid of r.i. 1-5 and upon this floats 6 cm. of water (u=4). To an observer looking 


from above, what is the apparent position of a mark on bottom of the tank. 
i [Ans. 6 cm. from bottom] 


, 


[Hints : Apply the formula: App. depth o ds 4 day A 
Ha oH. H 


^ 
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32. What is the apparent position of an object below a rectangular block of glass 6 cm. 


thick if a layer of water 4 cm. thick is on top of the glass ? (p for glass=1:5 and for water—1:34) 
[Ans. 3 cm. from bottom] 


23. If r.i. of a medium with respect to air be 4/2, find the critical angle between them. 
[Àns. 45°] 


34. A transparent liquid of r.i. IVA 3 is taken in a beaker and upon it is poured another 
liquid of r.i. $. What will be the critical angle between the liquids ? [Ans. 60°] 


35. A fish is at a depth of ‘#’ ina still pond. Prove that the free surface of the pond 
will appear to the eye of the fish like a plane mirror with a circular hole and the radius of the 


hole is 


h 
. [r.i. of water Ht. 
Vieni [ HJ 
36. A small fish is 6 ft. below the surface of a pond and 4:5 ft. from the bank. A boy, 
5 ft. tall, is standing 8 ft. from the edge of the pond. Assuming that the side of the pond is vertical, 
how much nearer can the boy move to the edge of the pond before his movement becomes visible 
to the fish. 1 of water $ [Ans. 1/4” nearer] 


37. Light from a luminous point on the lower face of a rectangular glass slab 3 cm. thick, 
strikes the upper face and the totally reflected rays outline a circle of 4:8 cm. radius on the lower 
face. What's the r.7. of the glass ? Wt. Entrance 1978] [Ans. 1-6] 


38. ABCD is the plan of a glass cube. A horizontal beam of light enters the face AB at 
grazing incidence. Show that the angle which any ray emerging from BC would make with 
the normal to BC is given by sin a=cot Oc where 8c is the critical angle. 


39. The refracting angle of a prism is 60° and the angle of minimum deviation of a ray 
through the prism is 40°. What is the r.i. of the material of the prism ? sin 50*—0:776 ? 
[Ans. 1:53] 


40. The refracting angle of a prism is 90° and the other two angles are 45°, If a ray is 
incident normally on a refracting surface of the prism, show, by a neatly drawn diagram, how 
the ray will be refracted ? What will be the deviation in this case ? [Ans. 90°] 


41. A ray of light is incident at an angle 60° on one of the refracting surfaces of a prism 
and is deviated through 30° on emergence from the other surface. If the refracting angle of the 
prism be 30°, prove that the ray is incident on the second surface normally. Also calculate the 
r.i. of the prism. [LLT. 1978] [Ans. 4/3] 


42. A ray of light is refracted through a prism of angle 70°.. If the angle of refraction in 
the glass at the first face is 28°, what is the angle of incidence in the glass at the second face ? 
'[Ans. 42°] 


[Hints : A4-—"r, t7]. 


43. The refracting angle of a prism is 60° and its refractive index is 4/3. M the prism is 
used at 60° angle of incidence, what will be the deviation of the ray ? [Ans. 60°] 


44, A glass (jt—1:5) prism is immersed in water (JL.—1:33). What will be the limiting 
angle of the prism in that.condition so that no ray can emerge from the prism? [Ans. 125530] 


45. A certain prism is found to produce a minimum deviation of 51° while it produces a 
deviation of 62°48” for'two values of angle of incidence, viz 40°6’ and 82°42’ respectively. Deter- 
mine the angle of the prism, the angle of incidence at minimum deviation and the r.i. of the prism. 

[Ans. 60° 3 55°30"; 1-648] 


46, Refractive index of the material of a prism is 4/2 and its refracting angle is 75°. At 
what minimum angle must a ray of light be incident on one of its refracting faces so that it may 
emerge from the other refracting face ? [H.S. Exam 1984] [Ans. 45°] 
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Harder Problems : 


—<$—— 
47. A ray of light is incident on a parallel-sided glass block and emerges parallel to the 
direction of the incident light from the opposite face. If the angle of incidence 0 be small, show 


that the lateral shift x of the ray is given by ae where f=thickness of the block and 


pi the r.i. of glass. 
48. A rectangular glass block of thickness 10 cm. and r.i. 1:5 is placed over a small coin. 
A beaker is filled with water of r.i. 4/3 to a height of 10 cm and is placed over the glass block. Find 
the apparent position of the object when it is viewed at near normal incidence. 
{LLT. 1975] [Ans. 14-16 cm below to the water surface] 


49. A rectangular block of glass is placed on a printed page lying on a horizontal surface. 
Find the minimum value of the refractive index of glass for which the letters on the page are not 
visible from any of the vertical faces of the block. ULT. 1979[ [Ans. 1:41] 

50. A concave mirror of radius of curvature 1 metre is kept at the bottom of a tank of 
water. The mirror will produce an image of the sun when it is just overhead. What will be the 
distances of the image of the sun from the mirror when the tank contains water 80 cm and 40 
cm, deep ? ULIT. 1968] [Ans 50 cm ; 47:5 cm] 


51. Calculate the lateral displacement of a ray of light passing through a 15 cm thick slab 
of glass, the opposite sides of which are parallel to each other, if the angle of incidence of the ray 
be 60°. R.I. of glass-1:5. [Jt. Entrance 1981] [Ans. 7-69 cm] 

52. A point source S is placed at the bottom of a vessel containing a liquid of r.i. 5/3. 
A person is viewing the source from above the surface. There is an opaque disc of radius 1 cm 
floating on the surface. The centre of the disc lies vertically above the source S. The liquid 
from the vessel is drained out through a tap. What is the maximum height of the liquid for 
which the source cannot at all be seen from above ? (LLT. 1970] [Ans. 1:33 cm] 

53. A coin is placed at the bottom of an empty hemispherical basin. When looked over 
the edge of the basin, the coin is just invisible, but becomes just visible when the basin is filled 
up by aliquid. Ifr be the radius of the coin, show that r=a(p2—1)/(W*+1) where pr. of 
the liquid and a=radius of the hemisphere. 

54. A cube of 1 ft edge is made by a material whose r.i. is 1°65. There is an air bubble at 


the centre of the cube. An opaque circular disc is to be attached at the centre of each face of the 
cube so that the bubble may not be visible from outside. What should be the minimum radius 
of the disc ? [Ans. 8:6 inches] 
55. A nail is fixed perpendicularly to a circular wooden disc at its centre. The disc is 
floated in water with the nail downwards. What must be the ratio of the longest possible length 
of the nail to the radius of the disc, so that the nail is completely 

invisible from air? Critical angle for water —48730' 
[H.S. Exam 1985] (Ans. 4/7/3] 


56. A ray of light from a denser medium strikes a rarer 
medium at an angle of incidence i[Fig. 3:38]. The reflected and the 
refracted rays make an angle of 90° with each other. The angles 
of reflection and refraction are r and r'. Show that the critical 
angle. 0, is given by 0,—sin^* (tan r) [LLT. 1985] 

57. Light enters a prism of refracting angle A at grazing 
f incidence to emerge at an angle 0 with normal. Show that r.i. 

Fig. 3.38 of the material of the prism is : 


ies my [Jt. Entrance 1966] 


LU 
t 
I 
i 


sin A 
58, ABC is an equilateral prism. The side BC is covered by a liquid and the other two 


| 
| 
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t 
sides are open. The r.i. of the material of the prism is 1.56. A ray of light is incident on the 
face AB and is refracted to the side BC. It is incident on the face BC at the critical angle so that 
it is totally reflected and emerges from the face AC. If the angle between the incident ray and 
the emergent ray be 120°, find the r.i. of the liquid. [Ans. 1:35] 

59, The refracting angle of a prism is 90°; If « is the angle of minimum deviation and f 
the angle of deviation of a ray which enters at grazing incidence, then show that sin a=sin* B 
and cos «=pl cos B, where |t is the r.i. of the prism. 

60. The r.i. of the material of a prism of refracting angle 45° is 1-6 for a certain mono- 
chromatic ray. What should be the minimum angle of incidence of this ray on the prism so that 
no total internal reflection takes place as the ray comes out of the prism ? 

r [L.LT. 1976] [Ans. 10°6’ nearly)] 

61. (a) Find the angle of incidence and also the angle of deviation of a ray of light that 
passes through a glass prism having refracting angle of 80° symmetrically. p of glass—1:5 ; 
sin 40*—0:6428 ; sin 74*37 —0:9642. [Ans. 74°37’ ; 69*14'] 

(b) What is is the greatest value of the refractive index for which light can pass in this 
way through an 80° prism ? What is the corresponding angle of deviation ? 

[Jt. Entrance 1986] [Ans. 1°56 ; 1007] 

62. A parallel beam of light falls normally on the first face of a prism of small angle. The 
portion of the beam which is refracted at the second surface is deviated through an angle of 1°35’ 
and the portion which is reflected at the second surface and emerges again at the first surface 
makes an angle of 8°9’ with the direction of the incident beam. Calculate the angle of the prism 
and the r.i. of the glass. : [Ans. 2?30'; 1:63] 


` 4. Introduction : 

Lenses are known to have been in use for centuries. It was known 
to the people of ancient times that lenses can bring a parallel beam of rays 
to a focus. Utilising this property of lenses, burning glasses were invented 
long ago. In 1857, a glass sphere was constructed on the basis of the above 
property of a lens, to focus the solar rays on to a paper marked with hours and 
minutes, and thereby burning it gradually. In this way, the sphere was used to 
denote time. Lenses are now essential parts of many optical devices, such as 
microscopes, projectors, spectacles, telescopes, cameras, etc. 


4.2. Definition of lenses + 
A lens is a portion of atransparent medium bounded by two spherical 
or one spherical and one plane surfaces. 

A lens whose central part is thicker than the 
edge is called a convex or converging lens [Fig. 
4.1(a)] and the lens whose edge is thicker than its 
central part is called a concave or diverging lens 
[Fig. 4.1(5)]. 


LENSES AND THEIR ACTIONS 


r 


43, Different types of lenses : 


Depending upon the nature of the surfaces, 

(à Fig.41 (b) there may be different types of lenses as given below: 

(1) Double or biconvex: A lens whose both surfaces are convex 

is called a double convex lens [Fig. 
4.X(a)]. 

(2) Plano convex: A lens whose 
one surface is convex and the other plane 
is called a plano-convex lens [Fig. 4.2(b)]. 

(3) Concavo-convex: A convex 
lens having one of its surfaces concave 
and the other convex is known as a (a) 
concavo-convex lens [Fig. 4.2(c)]. 

(4) Double or bi-concave: A lens having both the surfaces concave, 

7 is called a double concave lens [Fig. 
4.3(a)]. 

(5) Plano concave: One surface 
of this lens is concave and the other 
surface is plane [Fig. 4.3(5)]. 

(6) Convexo-concave: It is a 
concave lens having one surface con- 
cave and the other convex. [Fig. 4.3(c)]. 
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4.4. Why is a convex lens called a converging and a concave lens a diverging 
lens ? $ 


A convex lens may be regarded as being made up of a very large number of 
portions of triangular prisms. If the spherical surfaces of the various truncated 
prisms are imagined to be produced, the angles of the prism can be seen to increase 
from zero at the middle to a small value at the edge of the lens [Fig. 4.4]. Now 
the deviation 8 of a ray of light by a small-angle prism is given by 8—(u— 1) A 
where A is the angle of the prism. [see art 3.20]. Consequently the truncated 
prisms corresponding to a position further away from the middle of the lens 
deviates an incident ray more than those prisms nearer the middle. Thus, a beam 
of light parallel to the principal axis of a convex lens will, therefore, converge to a 
point on'the axis [Fig. 4.4(2). For this reason, a convex lens is called a con- 
verging lens. 


(a) Fig. 4.4 (b) 

Similarly, if a concave lens be regarded as being made up of a large number 
of truncated prisms, the angles of the prisms increase gradually towards the 
centre [Fig. 4.4(b)]. A beam of light parallel to the axis will be so deviated 
towards the bases of the truncated prisms that they will all appear to diverge from 
a point on the axis. For this reasons, a concave lens is called a diverging lens. 


4.5. Some important terms in connection with a lens : 


(i) Centre of curvature: If the surfaces of a lens are spherical, then 
each surface is a part of a sphere, the centre of which is called the centre of curva- 
ture of that surface. For example, both the surfaces of the lens LN [Fig. 4.5) 
are spherical. C, is the centre of the sphere (shown by dotted lines) of which 
LMN isa part. Hence, C, is the centre of curvature of the surface LMN. Simi- 
larly, C; is the centre of curvature of the other surface LPN. 

If one of the surfaces is plane, its centre of curvature is situated at infinity. 

(ii) Radius of curvature : The radius of the sphere of which the surface 
of the lens is a part, is called the radius of curvature of the surface. Thus, C,M 
is the radius of curvature of the surface LMN and C,P that of the surface LPN 
(Fig. 4.5). , 

(iii) Principal axix : The principal axis of a lens is the line joining the 
centres of curvature of its surfaces. In fig. 4.5, C,OC, is the principal axis of the 
lens LN. 
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If one of the surfaces of the lens is plane, then a perpendicular drawn from 
the centre of curvature of the spherical surface to the plane surface is called the 
principal axis of the lens. 


(iv) Optical centre : Optical centre of a lens is a point on the principal 
axis, fixed with respect to the lens, so that all rays, whose paths within the lens 
j pass through this point, must have their 
corresponding incident and emergent 
rays parallel to each other. 

In fig. 4.5, a ray of light SA is inci- 
at A on the surface LMN and emerges 
from the point B of the surface LPN in 
a direction BR parallel to the incident 
direction SA. The path of the ray AB 
inside the lens, intersects the principal 
axis C,0C, at O. O is therefore, the 
optical centre of the lens. 


It is to be noted that the incident 
ray SA, though parallel to the emergent 
ray BR, is not in the same line with the ray BR i.e. the ray is displaced laterally 
in going through the lens. The more the thickness of the lens, the greater is the 
lateral displacement of the ray. When the lens is thin, this displacement is 
sufficiently small to be ignored so that SA, AB and BR may be said to be one 
straight line. For this reason, the optical centre of a thin lens may be defined in 
the following way : 


Fig. 4.5 


Optical centre of a thin lens is a point on its axis so that all rays passing 
through it are undeviated. 


_ (N.B... If the radii of curvature of the surfaces of a lens are equal, the optical centre will 
be equidistant from the surfaces of the lens. If the radii of curvature are, however, not equal or 
one of the surfaces of the lens is plane, the optical centre will not be equidistant from 
the surfaces]. 


Optical centre is a fixed point : Depending upon the shape of the lens, the 
optical centre is a fixed point for the given lens. It may be proved in the following 
way. 


In fig. 4.5, two tangent planes have been drawn at A ad B to the surfaces 
of the lens. The planes will be parallel for, we know, an incident ray and its 
corresponding emergent ray become parallel to each other, if they are refracted 
by a parallel-sided block. Since, the incident ray SA and the emergent ray BR 
are parallel, the portion of the lens there may be regarded as a parallel-sided. block. 
So the tangent planes at A and B are parallel.: -Draw the straight lines C,A and 
C.B;C,A is the radius of curvature of the surface LMN and is perpendicular to 
the tangent plane drawn at 4. Similarly CB is the radius of curvature of the 
surface LPN and is perpendicular to the tangent plane drawn at B. Hence, C,A 
is parallel to CB. 


LENSES AND THEIR ACTIONS 95 


For this reason, A^ C,AO and C,BO are similar. 


oe e Ed [C,A=C,M being radii of the same sphere] 


or o Tod" os [C,B=C2P being radii of the same sphere] 


OM CM 
or —= > 
OP CP 
If the radius of curvature of the surface LMN be r, and that of the surface 


LPN be r, then C,M—"; and C,P—r, ; in that case, ue eni 
OP fe 


So, the optical centre Q divides the straight line PM into two parts which 
are in the same ratio as the radii of curvature of the surfaces of the lens. Since 
the radii of curvature of a given lens are fixed, the position of the optical centre 
is also fixed, 

It is to be borne in mind that the optical centre of a lens may be inside or 
outside the material of the lens. In the case of 
a convexo-concave lens. for example, the optical 
centre O lies outside the material [Fig. 4.6]. What- 
ever, may be the position, its distance from any 
surface of the lens is proportional to the radius of 


OM 
the curvature of the surface i.e. — = r 
OP fs 


If, however, /5—"2 then OM—OP i.e. for alens 
of equal radius of curvature the optical centre is 
equidistant from both the surfaces. Fig. 4.6 


(v) Principal focus; We have already seen that if a parallel beam of 


light, parallel to the principal axis, is incident on a lens, the rays after passing 
through the lens, all converge to à point on the axis in the case of a convex lens 


(2) Fig. 4.7 (b) 
or all appear to diverge from a point on the axis in the case of a concave lens. 
This point is called the principal focus of the lens. 
In fig. 4.70), F is the principal focus of a convex lens and in the fig. 4.7(b), 
F is the principal focus of a concave lens. 
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The principal focus mentioned above is called the second principal focus. 
There is yet another principal focus called the first principal focus which is 
explained below. 


Fig. 4.8 (b) 


Consider a point F’ on the axis of a convex lens such that a diverging beam 
of rays from the point F’ after being refracted by the lens, is rendered parallel to 
the axis [Fig. 4.8(@)]. The point F' is called the first principal focus of the convex 
lens. 


Similarly, if a converging beam of rays be so directed to a point F’ on the 
axis of concave lens that after refraction through the lens, the beam is rendered 
parallel, the point F' will be called the first principal focus of the concave lens. 
[Fig. 4.8()]. 


NB. Ò Although, a lens has two principal focii, yet, in the formation of images, the 
second principal focus is effective. For this reason, simple ‘focus’ of a lens means the second 


principal focus. (ii) It is to be noted that as a fens has two refracting surfaces it has two focal 
points but a mirror has only one focal point because it has only one reflecting surface.] 


(vi) Focal length : The focal length of a lens is the distance between the 
optical centre O and the principal focus F or F'. : 


It is to be remembered that if the media on both sides of the lens are not the 
same, F and F’ will not be equidistant from the optical centre O. In that case, 
the distance of the first principal focus F’ from O is known as the first focal length 
and that of the second principal focus F from Q'as the second focal length. 


It may be pointed out here that the focal length of a convex lens is real 
while that of a concave lens is virtual. 


(vii) Focal plane: Ifa plane be imagined to be drawn through the principal 


focus and perpendicular to the principal axis of a lens, the plane is called the 
focal plane of the lens. 


(viii) Secondary focus : If a beam of parallel rays be incident on a convex 
lens slightly inclined to its principal axis, the rays after refraction, are found to 
converge at a point on the focal plane of the lens. If fig. 4.9(a) F’ is such a point 


on the focal plane of the convex lens. F’ is called the secondary focus of the 
convex lens. 


M Similarly, if a beam of parallel rays be incident on a concave lens slightly 
inclined to the axis, the rays after refraction through the lens, appear to diverge 


—— EL e SSHHSHE 
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from a point on the focal plane of the lens. In fig. 4.9(b) F' is such a point on 
E focal plane of the concave lens. F'iscalled the secondary focus ofthe concave 
ens. 


FOCAL PLANE 


yes 


(a) Fig. 4.9 (b) 


It is to be remembered that the principal focus of a given lens (concave or 
convex) is à fixed point but the secondary focus is not. 


(ix) Aperture : The diameter of the circular boundary of à lens is usually 
regarded as the aperture of the lens. 


In this book, we shall consider lenses of small aperture and of negligible 
thickness. 


4.6. Determination of the position of image by geometrical construction : 


Three different types of rays may be used in geometrical construction to 
locate the image formed by a lens : 

(i) Rays which pass through the principal focus of a convex lens or tend 
to pass through the focus of a concave lens, emerge parallel to the principal axis 
after refraction through the lens. 


(ii) Rays which pass through the optical centre, emerge undeviated after 
passing through the lens. 
(iii) Rays, which are incident on the lens parallel to the principal axis, will 


converge to the second principal focus of a convex lens or will appear to 
diverge from the second principal focus of a concave lens after refraction through 


the lens. 


Two of these rays are sufficient to locate an image. Which particular pair 
is to be selected is merely a matter of convenience. Figs. 4.10—4A.16 are series of 
diagrams which illustrate the application of the above rays. 


4.7, Formation of different images due to different object distances : 


The position, nature and size of an image change with the change of position 
of the object. We shall now discuss the types of images formed as the object is 


Ph D—7 
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moved progressively along the principal axis from a very far away point to a point 
between the lens and the principal focus. 


(A) Convex lens : ‘ 

(i) Object at infinity ; Rays of light coming from an object at infinity, 
may be regarded as à parallel beam which is incident on the convex lens, having 
a slight inclination with the axis of the 
lens. After refraction, the rays con- 
verge to a point p on the focal plane 
[vide the definition of secondary focus]. 
So, the image is formed on the focal 
plane of the lens [fig. 410]. The 
image is real, inverted and very small in 
size. This property of a convex lens 
/ is utilised in the objective of an astro- 
Fig. 4.10 nomical telescope. 


(i) Object beyond 2f: PQ is the object. Rays of light PL and PO, 
starting from the point P of the object, after refraction actually converge at p. 
A perpendicular pq drawn from p on the axis will give the position. of the image 
[Fig. 4.11]. From the figure, it is clear that the image is formed between f and 2f. 
It is real, inverted and smaller L 
than the object. This property 
. of a convex lens is used in à 
camera. 

(iii) Object at 2f : 
Following usua| method of 
ray drawing it is seen that the PTI ae 
image is also formed at ie-f-*5-f 
distance 2f from the lens 
[Fig. 4.12]. The image is real, 
inverted but of same size as 
the object In a terrestrial 
telescope, a convex lens is 
used in this way to make an 
inverted image erect. 


(iv) Object between f and 
2f: PQ is the object placed 
somewhere between f and 2f 
from the lens. If the image is 
located by geometrical cons- 
truction it will be found that Fig. 4.12 
the image is formed beyond 2f of the lens [Fig. 4.13]. The image is real, inverted 
and larger in size than the object. A convex lens is used in this way in magic 
lanterns, in the objective of a microscope etc. 


P 
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(v) | Object at the focus : In fig. 4.14, an object PQ is shown placed at the 
focus ofa convexlens. Rays of light, coming from the object, after refraction 


Fig. 4.13 Fig. 4.14 


through the lens, will be rendered parallel. The refracted rays will form image 
at infinity. The image will be magnified enormously. A convex lens is used 
in this way in instruments like spectrometer to produce a parallel beam of 


rays. 


(vi) Object between the lens and f : An object PQ is situated somewhere 
between the lens and the focus F, of aconvex lens. Rays of light from P after 
refraction, form a diverging beam and do not actually meet at any point. 
On the other hand, the refracted rays, when produced backward, appear to 
diverge from p. It is, therefore, the virtual image of P. A perpendicular 


Fig. 4.15 Fig. 4.16 “ 


pq on the axis will give the full image. From the fig. 4.15 it is seen that the 


image is formed on the same side of the lens as the object. It is virtual, 


erect and larger in size than the object. This property of a convex lens is 


utilised in the construction of a magnifying glass, the eye-pieces of telescopes 
and microscopes. 


(B) Concave lens : Wherever the object may be situated the image formed 


by a concave lens is always virtual, erect and smaller than the object and is 


situated between the focus and the lens. Fig 4.16 shows the formation of an 


image by a concave lens. 
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^; To keep the above results in memory, they may be tabulated in the following 
way: 


Position of the object Image Size of Nature of 
foal position the image the image 
(i) at infinity at the focus very small real or virtual 
(ii) between 2f and between f and | smaller real & inverted 
Pe infinity 2f 
(iii) at 2f at 2f equal = 
Convex (iv) between f and 2f beyond 2f larger 3 
atf at infinity very large » 
(vi) between f and optical | on the same larger Virtual and 
centre side as the erect 
object 
(i) at infinity at the focus Virtual and 
erect 


(ii) Anywhere in front Always 
of the lens between the 
focus and 
optical centre 


» 


Remember the following : 

() A concave lens always produces a virtual image of a real object and the 
image is smaller in size than the real object. 

(ii) A convex lens produces both the real and virtual images. The image 
may be greater than, equal to or less than the size of the real object. 


(iii) A virtual image is always produced on the side of the object and areal 
image on the opposite side of the object. 

Location of image by graphical method : 

Graphical method may be employed to locate the position of the image 
formed by a lens as it was done in the case of a spherical mirror. 

Draw a horizontal line POP on a graph paper which represents the principal 
axis of a lens [Fig. 4.17]. Draw another line LOL’ perpendicular to the line PO. 
This perpendicular line represents 
the plane of refraction of the lens 
through its optical centre O. Let 
the lens be convex, having a focal 
length of 5 cm. If the scale is so 
selected that 1 small division is 
equal to 1 cm then a point F taken 
at a distance of 5 small divisions 
from O will give the position of the 
focus of the lens. 

Suppose the image of an 
= object 4 cmi long and situated 
Fig. 4.17 at a distance 8 cm from the lens 


Length of {small division íc m. 
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is to be located. To get the position of the object, take a point P ata 
distance of 8 small divisions from O and. draw a perpendicular line PQ which 
is 4 small divisions high. Two incident rays from the point Q are taken—one 
going parallel to the axis of the lens is incident on the lens at A and the other 
passes straight through the optical centre O. The first ray, after refraction through 
the lens, passes through the focus F and the second ray passes straight without 
any deviation. The two emergent rays intersect each other at q which is the image 
of Q. Ifa perpendicular gp is drawn on the axis, the complete image is obtained. 
It will be found that the image is formed at a distance of 13:3 small divisions from 
O. According to the scale, the image distance—13:3 cm. Again, height of the 
image pq is about 6'6 small divisions. So, according to the scale, the height of 


the image—6'6 cm (nearly) and magnification - 97. 1:65 (nearly). 


The same results will be obtained if calculations are made with the help of 
the lens formula. It goes without saying that the above graphical method is also 
applicable in the case of a concave lens. 


4.8. Convention of sign : j 


While drawing the images of an object placed at different positions 
we have seen in the preceding article that the image is sometimes formed 
on one side of the lens and sometimes on the other. To specify different 
image distances and objeot distances, suitable sign convention need be adopted. 
The usual convention is as follows. 

Taking the optical centre of the lens as the origin, distances measured in the 
same direction as the incident light will be counted eet and those measured 
in the opposite direction will be counted positive. 

In fig. 4.6(a), F is the focus of the convex lens and OF its focal length. Now, 
in measuring OF we are to proceed along the direction of the incident light. 
Hence, the focal length of a convex lens, according.to the convention of sign, is 
negative. But in the case of a concave lens, in going from O to F, weareto 
proceed against the direction of the incident light, The focal length of a concave 
lens is, therefore, positive. 

In 1934, the Physical Society of Loridof recommended a new convention of sign. It is 
as follows : 


(i) All real distances are reckoned as positive ; 
(ii) All virtual distances are reckoned as negative. 


According to this new convention, the focal length of a convex lens is positive while that of 
a concave lens is negative. In this book, however, we shall follow the old convention. 


49. General formula for lenses : 

When a lens forms an image of an object the distances of the object and 
the image measured from the optical centre of the lens are called the object 
distance and the image distance respectively. They are generally denoted 
by ‘u’ and.'e' while the focal length of the lens is denoted by ^f". All these 
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quantities are inter-related and the relation is known as the general lens formula. 
In the following way, we can establish the general lens formula. 

(i) Convex lens producing a real image : 

LOL’ is a thin convex lens of small aperture and PQ is an object standing 
perpendicular to the axis in front of the lens 
[Fig. 4.18(a)]. The image pq is located by 
geometrical construction according to the | 
art. 4.6. The image is -real and inverted. 
Now, A*pqF and RFO are similar. So, 


pq. RO PO t. pQ-—RO| 


Fq OF OF 
EN LUE Lo © 
Fig. 4.18(@) PQ OF 
Again, AsqpO and QPO are also similar, So, | 
pd re gs Pq _ ve ee Gi) | 
Oq OQ PQ OQ 
Comparing eqns, (i) and (ii), we have. i | 
Fq | O04 Oq—OF 0q st | 
OF 00 o. Cop 00 " (iii) 


According to fig. 4.16(a), object distance 0 Q— - w 
image distance Oq— —V 
focal length--OF— —f 
Substituting these values in eqns. (iii) we get, 
POI) A f-V. = o, uf-w=vf 
i u Tou 
Dividing both sides by uvf, we get, 
i Ed i IE 


i -=- Of, =_=- 
v f wu" M wf 

This is the general formula of a lens. 

(ii) Concave lens producing a virtual image : 

Consider an object PQ standing in front of a thin concave lens LOL' of 
small aperture. The image pq is located by 
geometrical construction. according to the 
art 4.6. The image is virtual and erect 
[Fig. 4.18(b)]. Now, As pqF and RFO are 
similar. 


> per slo MD =R 
yo qF OF OF EE Pg-ROI 
pq qF : 
PO OF " © 


Again from similar AsqpO and QPO, Fig. 4.18(b) 
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we get, P8 PQ 
Oq 00 
pd = 4 ii 
PO 00 GD 


Comparing eqns. (i) and (ii), we have, 


qF _ 0q OF-—Oq 04 ach 
SR OG OF. OD. eu) 


According to the fig. 4.18(b), 
object distance 0 Q— -u 


image distance Oq— -9 
focal length OF— f 


Substituting these values in eqn. (iii), we ss o or, uf-uv-wf. 


1 


; f gS eios bee 
Dividing both sid by uvf, we get, -— 757, mu E 
ividing both sides y uvf, g M. =, 95 rui qu: 


4.10. Linear magnification : 
The ratio of the linear size of the image 


linear magnification. 


to that of the object is called the 


Linear size of the image 


Hence, linear magnification (m)— : 
» 5 0» »? object 
Oq v 
From fig. 4.18 mee Do. aa = 
rom fig (a) PO OQ u 


Similarly, from fig. 4.18(b), m= = 
imilarly, fro g 8(b) PO 007 u 
So, for any lens, the linear magnification "=~ = image distance 

u object distance 
According to the convention of sign, in the case of a convex lens [fig. 4.18(@)] 
uis +ve but v is —ve, and the image is inverted. Again, in the case of a concave 
lens [Fig. 4.18(b)], both u and y are +ve and the image is erect. So, we can say 
that negative magnification means inverted image and the positive magnification 


erect image. 
Relation between m, u and v : 


We have, : — Las ; multiplying both sides by v, we get, ]--- 
D) v f-9 

n l-m=- Or m-l-z—-—- 
y foa 


m———2. 


in multiplying both ides by u, we get, 
Again multiplying si yu, we g aT 


" 
E 
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Example 1: An object is placed at a distance of (a) 50 cm. and (b) 15 cm. 
from a convex lens. If the focal length of the lens is 20 cm., what will be the positions 
of the images ? If the object is 2 cm. long, what will be the sizes of the images 2 
What is the displacement of the image ? 


Ans. (a) Here v=+50 cm. ; f— —20 cm. (convex) 
1 kia J 1 


ae. 
1 a^ a = 1+ 33:3 em. 


v- 2) 39- .i0? 7 
i.e. the image is formed at a distance 33:3 cm. from the lens on the other 


side of the object. Here, magnification m=? — 1003 2 
u 


507-3 
So, the size of the image— size of the object x magnification—2 x 2 —1-33 cm. 
(b) Here, u— 4-15 cm. ; f— — 20 cm. 


j=4—4 - 1-1 1 Leabit 1 anid 
From, +—-=4 -—j— = m <= ie Eu 
$ ^w "ve $^ —39 9h SG“ B 20 6 
v— 1-60 cm. 
i.e. the image is formed on the same side as the object and at a distance of 
60 cm. from the lens. In this case, us 4 
u 


the size of the image—size of the object x magnification —4x 2—8 cm. 
The displacement of the image=33-+-60=93 cm. 


Example 2: When a point source ts placed 30 cm. away from a lens, an 
image is formed on the other side of the lens and 10 cm. from it. What kind of lens 
isit? What is its focal length ? 

Ans. Since the image is formed on the other side of the lens, the image is 
real and the lens is convex ; for real image is formed only by a convex lens. 


Here u=30 cm. ; 9— — 10 cm. (real image) ; f= ? 
T 


jeouicdg NC 44 

W kn y- SF oe oR or » IL 

Yong) Tite [07 SPU gg my 
ing - B= Sem. 


Example 3: An object 5 cm. high is placedp erpendicularly in front of a 
convex lens. An image 25 cm. high is formed on a screen 100 cm. away from the lens. 
Calculate the focal length of the lens. 


Ans. Here, magnification, s ; but m="=5 


or, v=Su. But v=100 cm. (given) .. u=20 cm. 
Since the image is real (as it is-formed on a screen), the image distance is — Ve. 
So, in the present case, y= — 100 cm. ; u=20 cm. f= ? 
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From the lens equation, ign p , we haye — oul ts = t 
v uf 


319077 

Example 4: An object is placed 30 cm. in front of a convex lens of focal 
length 10 cm. Where will be the image formed ? State the nature of the image. 
How many times is the image magnified or diminished ? 


Ans. Here u=+30 cm. ; f— — 10 cm. (convex) ; v=? 
[S29 M Wb 1 he Pagar | 2 
We know, -— <=- a Mr 
rahe alia rapinae retail pike Miah aie 
"^ y—-15cm. 
i.e. the image is formed on the other side of the lens at a distance of 15 cm. 
The image is real and inverted. Further, magnification, m=2= Ba ; ie. the 


image is half the size of the object. 

Example5 : Tt is found that when an object is placed 50 cm. in front of a lens, 
the image is formed 200 cm. on the other side of it: Find the displacement of the 
image if the object is moved 10 cm. away from the lens. 

Ans. Since the image is formed on the other side of the lens, the lens is 
convex. Now, v= —200 cm. ; u=-+50 cm. From lens equation, we get 

q^ INVI 1 1 1 SS) Low, 

Dei? or — 5997 i ae 7X» f JS f=—40 cm. 

That the lens is convex is confirmed by the negative focal length. In the 
second case, u=+60 cm ; f=—40 cm. ; v= ? 

1 iid 1 


goial sai 
From 1 uat SLE we have, -=-= — — 
rom lens equation ~~ = f e rj 30 


l1 1gl Eis - velp20om! 
gh cx av ge TE 


The image is now formed on the other side of the lens at a distance of 
120 cm.. So, the displacement of the image—(200 — 120)—80 cm. towards the lens. 


Example 6: A point object is placed at a distance of 12 cm. on the axis of a 
convex lens of focal length 10 cm. On the other side of the lens, a convex mirror is 
placed at a distance 10 cm. from the lens such that the image formed by the 
combination coincides with the object itself. What is the focal length of the convex 
mirror ? [LLT. 1976] 

Ans. The point object P is placed 12 cm. 
away from the optical centre O of the convex 
lens L. MO, is a convex mirror at a distance t 
10 cm. from the lens. Now, if the rays from’ "po-« 377 OR 
P, falling on the lens, are so refracted that they 
fall on the mirror normally, then the rays will 
retrace their path and the image will be formed ` Fig. 4.19 


[o Cm. ene satan OC” 
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at P. [Fig. 4.19]. If the rays falling on the convex mirror are directed towards 
the centre of curvature Q of the mirror, then they will be incident on the mirror 
normally. 

Here P and Q will act as conjugate focii for the convex lens. 
i.e. u—--12 cm. ; f——10 cm. ; v= ? 
1 1 


1 1 
F onjugate relationship, we get -— pea st mo 
rom conjugate relationship, we ge o^ DA 10 


Tp 


1 . 
ccm mo or v=—60cm 
[Negative sign shows that the point Q lies on the right of the lens.] 
So, OQ—60 cm. .. 0,0—60—10—50 cm. 
Hence the radius of curvature of the mirror 0,0—50 cm and its focal 


length. —25 cm. 


Example 7: Find the length of the image of a straight filament 3 cm. long 
placed along the principal axis of a thin convex lens of 12 cm. focal length with its 
near end 21 cm. from the lens. 

Ans. Considering the near end of the filament first, we get u—21 cm. 
f—-12 cm. 


E mr FC m t-- ==- $2 0-3 — , Ex me 
Xn B TU 91 iy 2 oo ye 
v=—28 cm. 


So, the image of the near end of the filament is formed at a distance of 28 
cm. from the lens on the other side. 


Considering now the furthest end of the filament, u=21-+-3=24 cm. ; 
t P3 51 1:«1 1 
=-—12 cm. A, fi 2—l2-- eee CN 
f ces Agkin fron = = — 7 we have, = 27 i 
Iubet 1 


or, v 2. 2 E 24 «o 0——24cm. 


So, the image of the furthest end of the filament is formed at a distance of 
24 cm. from the lens on the other side. 
The length of the image—28 —24—4 cm. 


Example 8: Two convex lenses of focal length 20 cm. are situated 10 cm. 
apart and have a common axis. An object 5 cm. in height is placed on the axis at a 
distance of 15 cm. in front of the first lens. Find the size and position of the final 
image. 

Ans. Here, the image formed by the first lens will act as the object for the 
. Second. Considering the first lens, u—15 cm. 3 f=—20 cm. ; v= ? 


1-71 11 1 b ur vi 
From- -—2—- have —— — Eom op v TIS TURO LIT 
pueros: 3: up des De 90 


40 v¥=+60 cm. 
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The image is therefore, formed on the same side as the object (since the 
image distance is -I-ve) and at a distance 60 cm. from the lens. 

The distance apart between the lenses being 10 cm., the distance of this 
image from the second lens—60--10—70 cm. This is the object distance for the 


second lens. 
p»! qu a 1:0] 1 1 speed 5 1 
Now from —— —==, We get, - -== — 570%, <= 349 20 0 = 
v u f v 70 20 v 70 20 140 28 
v— —28 cm. i.e., the final image is formed on the right of the second lens 
(i.e. on the opposite side of the object) and at a distance 28 cm. from the second 


lens. 


Now, magnification by the Ist. Ei dca 


u 15 
v 28 2 
d » » ,» 2nd pH ATE 
an ] ni 10 5 
<. total magnification—4 X $= 3 


The size of the final image=size of the object x total magnification 
—5Xx$—8 cm. 


4.11. Virtual object and its image : 

It is not a fact that objects are always real. Sometimes rays of light are 
incident on a lens in such a way that a real object is not available but the rays 
produce a virtual object. In fig. 4.20) & (ii), a beam of converging rays tend to 
converge on the point Q but before they converge, they are intercepted by the 
lens. In this case, Q acts as a virtual object. In the case of a convex lens, which 
is a converging lens, the rays after passing through the lens, are more converged 
and form a real image at P which is nearer to the lens than Q. 


Fig. 4.20 (ii) 

In the case of a concave lens, which is a diverging lens, the rays after passing 
through the lens, become a little diverging and form a real image at P which is 
further away from the lens than Q. Note that the concave lens here is producing 
areal image. But if the object distance OQ be greater than the focal length 
of the concave lens, the image again becomes virtual. 

Example 1: 4 beam of converging rays, trying to converge at a point 10 cm. 
behind a convex lens, is intercepted by the lens. If the focal length of the lens is 40 


cm, where will the rays converge ? 
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Ans. See fig. 4.20(i). Here, the virtual object distance (u)0Q-—10 cm. 
(being virtual, —ve sign should be put before it). ; f= — 40 cm (convex) 
b Lot 1 1 1 PER) 1 
we know, z wif Here? (s apio ud 2 1. 40 
So v=—8cm. 
ile. the rays will converge at a point (P) 8 cm away from the lens. The negative 
‘sign shows that the image is real. : 


Example 2 :. A converging beam of light is incident. on a diverging lens of 
focal length 20 cm. If the beam, in absence of the lens, converges toa point 5. cm. 
behind the lens, find the position of the image formed by the lens. 

Ans. The point where the beam tends to converge [the point Q in fig. 
420(i)] acts as a virtual object point. So, here QQ-u-—5 cm ; f=+20 cm 
(concave). 


Now, heus Libr i (- aig mi s. 
v u v 


fi 5 
Ao v=—66 cm. - 
i.e. the rays will actually converge at a point (P) 6:6 cm away (OP—6:6 cm) from 
the lens and a real image is formed there. 


4.12. Conjugate pair of focii : 


Since the path of a ray of light is reversible, the position of an object 
point lying on the principal axis of a lens and the position of its image formed by 
the lens are interchangeable. In other words, when a lens forms a real image 
of an object, the image will be formed at the position of the object if the 

_ object is shifted to the first position of the image. But such is not the case 

` with a virtual image. In the case of a virtual image, however, the incident rays 
are to be so directed that they tend to converge at the position of the virtual image 
in absence of the lens. Then, after refraction, the image will be formed at the 
previous position of the object. 

Due to interchangeability of the positions of an object and its image, the two 
points are referred to as a pair of conjugate focii. We know that the object 


distance (u) and the image distance (v) are related by the equation, z- d =. 


This relation is sometimes referred to as the conjugate relationship. 


Newton’s relation: Newton showed that conjugate points obey the 
relation xx'—f?, where x and x’ are their 
distances from respective focii on the same side 
of the lens. The relation can be proved by 
taking the case of the converging lens in fig. 
4.21, where OP=u=x-+f and O0=v=x' f. 
Substituting in lens equation for real image, 
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1 1 lu i oy 
we get ruf Ee aet fecrx +2f)=@ tftp 
or, fik! xa eot +x HPP) 
or, xx' =f? 


Since x'—f?[x, it follows that x’ increases as X decreases. Thus, the image O 
recedes from the focus F' and hence away from the lens when the object P 
approaches the lens. Further, from fig. 4.21 it can be shown that the 


PS. uet, x 
transverse magnification 7 1s given by m—-z7— x 


f * 


The equation xx’ =f? is known as Newton's equation of conjugate points. 


4.13. Focal length of a Jens in different media : 


Xf the radii of curvature of the two surfaces of a glass lens be r, and 7; and 
the refractive index of glass with respect to air be ap, then it can be shown that 


the focal length of the lens is given. by: yen En » ; for a double 
1 2 


1 $41 
convex lens y D ener 


The above relation for f can be found by using the deviation formula due 
to a small angle prism. Consider a ray PO parallel to the principal axis of the 


üi) 
Fig. 4.22 
lens at a height h above it [Fig. 422). This ray, after emergence, passes through 
the focus F and undergoes à small deviation 8 given by s=h/f.. Ac zn) 


This is the deviation through à prism of small angle A formed by the tangents 
at Q and R to the surfaces of the lens as shown in the diagram. Now, for a small- 


angle prism, We know 3—(apo — D 4 where altg is the ri. of the material of the 


prism. (See art 3.20). 
1 A ` 
From (is feta DA Dr «i 
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Now, if O, and O, be the centres of curvature of the two surfaces of the lens 
then, 0,@ and OR are normals at Q and R respectively (Fig 4.22(ii)]. From 
simple geometry ZRCO,—a48—Z.A, where « and B are the angles with the 
principal axis at O, and O, respectively. But «=h/rı and =h/r, [Fig. 4.22(ii)] 

ee MN H or 2 - 
Ti Ts h 


1 
mh Pla 
dI Y, re 1 Is 
Substituting in eqn. (ii), we get -—(um-Dl--- 
f ry ls 


If, however, the lens is placed in a medium other than air, having a refractive 
index p with respect to air, then, the focal length f of the lens is given by : 


(ey m Q2) 


This shows that the focal length of a lens increases if the lens is surrounded 
by a medium denser than air. 


Example 1 : The focal length of an equi-convex lens is 15 cm. and the refractive 
index of its material (i.e. glass) is 1:52. What will be its focal length when it is fully 
immersed in a liquid of refractive index 1:35 ? 
um 
f 


equi-convex, r,— —r (say) and r,—--r, and f=—ve. So, -i= Ge -D = 


Ans. For a glass lens in air, -—(apg —1) (-- 3! As the lens is 
1 


Ta 


ok i- (052-05 4o r—052x2x15—52x3 cm. 


In liquid, the focal length f’ is given by, 


L=(%)({- j- - (e) cov SL PLN 
t. u r 1:35 5:2x3 1:35x 2x3 
. f'—-—6194 cm. 


Example 2: Jf the r.i. of glass with respect to air be % and of water with 
respect to air be $, find the ratio of the focal lengths of a glass lens kept immersed 
in air and in water. 


‘Ans. Let the focal length of the glass lens in air be fı and in water fh oÉM 
the radii of curvature be r, and r, then, 


Q2) t= C 
-= -1) [2—-—) and==( —-1)( —— — 
f e fio fi fa \apw fa fs 
A fi. ato~otw _ 3-8 _1, 6! 
fa alang- 3G- 6 4 4 
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4.14, Afew problems in connection with a convex lens and real image : 


(a) Prove that for à fixed object and a fixed screen, there are in general, two 
positions of a convex lens between them, for each of which, a sharp image of the 
object is cast on thé screen. 

Let S: be the screen and O the object fixed in their positions [Fig. 423]. 


Let L be one position of a convex lens which © S 
produces a sharp image on the screen S. 


Suppose the distance between the object and L ~ 
the screen=D ; the object distance=u and 
the image distance —V. As the image is real, 
vis —ve and as the lens is convex, fisalo  |e---—- uper TRES 
—ve. 
From the equation of the lens, 

ilh 1 1 
1 2s, we have, 7 —- 
v udi Y u f 5 

MA y Quy y cosa E YE STU 
or ot =O ae ume 

v uf pu u f Fig. 423 

or DIETLA or. u?— Dar D. f.—0 
(D-wuu f : i P3 


This is € quadratic equation. Solving the equation, We get two real roots 

of u which are, 
ee ee, ARE ATE 
MENS jx gare oes f 


From the theory of quadratic equation, We know that for two real roots, 
D*>4.D.f. or p>4f. This shows that there are two positions of a lens for each 
of which à real image is obtained if D>4f. When p?=4D.f. or D=4f, the two 
real roots merge into one value which means that there is only à single position of 
the lens. 

When D2<4Df or D<4f, the two roots will be imaginary, which means that 
in no position, the lens will give a real image. 


This shows that to obtain à real image, the distance between the object and 
the screen must at least be equal to 4f, where fis the focal length of the lens. It; 
at any time, it is difficult to obtain a real image on a screen when a converging 
lens is used, possible causes may be (i) the object is nearer to the Jens than its focal 
length or (ii) the distance between the screen and object is less than four times the 
focal length of the lens. 

(b) Prove that if the displacement of the lens between the first and the second 


position in the first problem be x and the distance between the object and the screen 
D?- x? 


D, then the focal length f of the lens is given by f-—p- 
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Let Ly and Lẹ be the two positions of the lens [Fig. 424]. 1f u and us 
RB S be the object distances in the two cases, We 
have seen earlier, that 


uy 3D / D3 — ADf) 


TM 


EU E a and u,- KD V D'-AD.f) 
Ti M eoe Doar 
V —(D- JD:-ADfy- v D!—-ADf 
L E or, x= v D?—4Df Iouis" ugx] 
: 1 Squaring, x*-—D*—4D.f 
---------- D---------- 2— x2 
or J=- 
Fig. 424 4D 


(c) If m, and m, be the magnifications in the two positions of the lens in the 


first problem, prove that fae 
Ma~ mı 
See fig. 4.24. If, for the first position L, of the lens the object distance 
is u, and the image distance is v,, then since the image is real, we can write, 
1 1 
vı F 
Similarly, for the second position Z2 of the lens, 1m 


B vu oU = ake 
aem or, Dura; E kane 


Subtracting, my m= = 5 pe vav] 
x 
f=: 


- Ma- nm, 


(d) Prove that if the sizes of the images in the two positions of the lens in the 
first problem be d, and d, then tħe size of the object, d—^4/dids. 


See fg. 424 Here, RT mL Mec 
d wu uy 


Similarly, ms =b w = oo 
2 2 


Multiplying, dd, (D— u,(D— uo) D?— D(u,- u) + tta 


d? Uus Uug 
Da— D(uy- v1) - us 
a ŮŮŮ n" = 
Ula [ s u3—41] 


D?— D? 
j etd [: u,--v,-D] 
Uys 


so dyad? or d=Vad, 
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(e) Prove that the minimum distance between an object and its real image 
formed by a convex lens is four times the focal length of the lens. 

Let u and v be the object and image distances respectively. As the image is 
real it is formed on the other side of the lens than the object and hence, the 
distance between them /=u-+v. 


To MM dl d dv 
If / is minimum, 3,79 or u (u+-v)=0 or CA 


d 
Now, for a real image, We know ho ud 1 f 
v u f 
i y Ido 1 . dv y? 
Differentiating, we Bets adu” Fil ems WS 


2 
So, for I to be minimum, -57 ! or u=v. 


Putting this condition in a i = Buk - Ardet: 
Hence, Inn (u4-9)—2f4- 2f—Af. 
Example: An object is placed at a distance of D from a screen. A convex 
lens forms an image of the object on the screen. When the lens is shifte dthrough a 
distance x towards the screen, another image is formed on the same screen. Prove 
f ; P D+x\? 
that the ratio of the sizes of the two images 1s equal to eh 


Ans. Let u be the object distance in the first position of the lens. The 
corresponding image distance=D—u. Since the image is real, we can write, 


1; bil Leight i dB as: 11 oA Dui Df-0. 
v' u f e Dou" u f 9r (p—u)u k 


From this quadratic equation we get the following values of u : 


uy KD — V D1-AD f.) and ug KD-- V DiH-4D f.) ins (i) 
According to the problem, 

D—4/ D*—4D, iic 
vas Ape LL eee PoP ns / D? —4Df 


é g : D-x _D+x 
Putting this value in eqn. (i), ur and u= 5 


utu= D 


Since v, and V, are the two image distances in thetwo positions of the lens, 
we have uy Eo Duas 7. up 0,7 Du Ms OF 9,—s. Similarly, !;—U» 


D= D+x 
So, u—Vs— > and u4—V,— $37 


Ph 1—8 
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If the linear size of the object be I and that of the first image 4 then, 
I, Ui D+~x 


v D 


I , —x 
again, Ia b the size of the second im: Pe iene ee 
If, again, Ją be the siz image, g=, px 
ho Neh D+x D-x zy 
-= 2 [=] DL, =| —— 
i, IR NDE “\ pax) \D-x 
4.15. Power of a lens : 
Consider two lenses—one having a greater focal length. than the other. 
If a beam of parallel rays falls on the lenses, the rays will be brought to focus 
at the focal point of the lenses. In the case of the lens of shorter focal length, 
the point of convergence of the rays will be nearer to the lens than the other. In 


such cases, the first lens is said to have a greater power than the second. 
Definition : The power of a lens means its power of convergence in the case 
of a convex lens, or its power of divergence in the case of a concave lens. 
The convergence or divergence, as the case may be, produced by a lens will 


be greater, the shorter the focal length. So, the reciprocal of the focal length G) 


is taken as a measure of the power of à lens. 

A lens having @ focal length of 100 cm, (i.e. ! metre) is said to have unit 
wer called a Dioptre. Opticians, however regard the power of a convex lens to 
be positive and that of a concave lens to be negative. 

„= So, to express the power of a lens in dioptres, express the focal length in 
metres and get the reciprocal. Thus, a convex lens of focal length 25 cm. has à 


power= 1 lp-44 dioptres. Alternatively, à lens having power 2 dioptres, has 


a focal length —3.92.—50 cm. 


4.16. Simple method of identification of lenses : 


A convex lens, we know, forms à virtual, magnified and erect image of an 
object held very close to the lens while a concave lens forms à virtual, diminished 
and erect image of the same object. Hence, a lens may be indentified in à simple 


way by holding a finger, say, very close to the lens and looking for its image from 
the other side of the lens. If the image is magnified, the lens is convex. I the 


437. Determination of the focal length of a convex lens by U-V method : 

By pius : Fix a convex lens L in a lens-holder and place it On a table. 
Put a pin P on the left of the lens and adjust its height so that the tip of the pin is 
jn same level with the axis of the lens. Looking through the lens from the right, 
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an inverted image p of the pin P will be visible [Fig. 4.25]. Now place another 
pin Q on the right of the lens so that its tip coincides with the tip of the inverted 


Fig. 4.25 


image p and there is no parallax between them. When the parallax is avoided, 
the two tips will move together if the eye is slightly moyed to and fro. In this 
case, the pin P is the object and the pin Q is the position of its image. Their dis- 
tances from the lens are respectively «p and v. Then, from the equation 
1 a 
$7 the focal length ‘f’ can be found out. Since the image is real, v is to be 
considered negative. 

By keeping the lens L or the pin P at various positions, the experiment 
should be repeated several times and the mean value of ‘f’ should be taken. 


4.18. Determination of the focal length of a convex lens by a plane mirror : 


If an object-point O be situated at the focus of a convex lens L, then the 
rays diverging from the object after refraction through the lens will be rendered 


verge at the focal plane of the lens and will form an 
image O' there. Based upon this principle, there 
is a simple method for determining the focal length of 
a convex lens. 

Experiment : Put a convex lens L on a plane 
mirror M placed horizontally on à table. Fixa pin in 
a suitable holder so that the tip of the pin O coincides 
with the axis of the lens and is at some distance above 
the lens. Looking from above, the tip of the pin SS 
and its image wil be visible. Adjust the height of Fig. 4.26 
the pin until there is no parallax between the tip O and its image Q'. Measure 
the distance of the tip of the pin from the surface of the lens. This gives the focal 


length of the lens. 
4.19. Determination of the focal length of a concave lens : 


Mount a convex lens L on an optical bench and adjust the position 
of a paper-screen S such that à sharp image P' of the illuminated cross-wire 
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P is obtained on the screen. Note the position of the screen. Now introduce 
the concave lens L' under test in between the screen and the convex. lens 
the convex lens. Then the rays converging to P’ become less 


Fig. 427 


convergent. The screen is to be moved further to S' to obtain the sharp 

image Q again [Fig. 427]. Note the position of S'. Then, for the concave 

lens, the first image P' behaves as & virtual object and Q is its real image. 
4 


If f be the focal length of the concave lens, then, F a 


If the present case, both u and v are negative. Therefore, the formula 


1 1 ( ET IEA. 
becomes -= -77 V u =--- 
j foe, uj u ¥ 
1 1 1 
Now, u=0'P' andv=0'0. ` J= GP’ 0'Q 


Measuring Q'P' and O'Q, the focal length f can be found out. 
: A convex lens produces an image of à small object on a screen 

50 cm. away from it. A concave lens is then placed between the convex lens 
and the screen 40 cm. away from the convex lens. In order to bring the image 
focussed on the screen again, the screen has to be removed 5 cm. further away. 
Find the focal length of the concave lens. ; 

Ans. See fig. 421. Here, LS=50 cm. ; 00'=40 cm. and SS’=5 cm. 

Now, the distance between the concave lens and the first position of the 
screen=50— —10cm. And, the distance between the concave lens and the 
final position of the screen=10-+5=15 cm. 

‘According to the fig- 4.27, u= — 10cm. and y=—15 cm. 

Kod ak Tope wd y 


*4,20. Spherical aberration in a lens : 

The fórmula of lenses that we got in art 49 was derived On the 
assumptions that the aperture of the lens was very small and that the rays 
were incident on à narrow region around the axis of the lens ie. rays were 
paraxial. But in practice, the lenses that are used are not always of small 
aperture and the rays used are not always confined to the paraxial region. In 


LENSES AND THEIR ACTIONS 117 


such cases, the image formed by a single lens is defective. This defect is known 
as spherical aberration. 


Consider a convex lens of fairly big aperture on which a beam of parallel 
rays, coming from a distant object situated on the axis of the lens, is incident in a 
direction parallel to the axis of the lens 
[Fig. 4.28]. Those rays which are inci- 
dent near the axis—known as paraxial rays 
—— after refraction are all found to converge 
at a point Fe which is called the paraxial 
focal point. But the rays falling near 
the margin on the outer zone of the lens, 
known as marginal rays, after refraction, Fig. 4.28 

are found to intersect the axis at various points. In fig. 4.28 the most marginal 
rays have been shown to intersect the axis at F, which is known as the marginal 
focal point. The other rays falling on the lens at various other points, after 
refraction, intersect the axis at points lying between F, and Fr. Why does it 


happen so ? 


We know that a lens may be regarded as made up of a large number of 
truncated prisms. The convex lens shown in fig. 4.28 may also be supposed to 
consist of small prisms whose refracting angles gradually increase from central 
part to the marginal part. We, also, know that the deviation of a ray passing 
through a prism increases with the increase of its refracting angle. As 4 result, 
the rays emerging from the paraxial region of the lens will be deviated less than 
those emerging from the marginal region. Due to this difference of deviation 
between the marginal and the paraxial rays, they are found to intersect the axis at 
different points lying between F, and Fy. - For this reason, a point object at a far 
away point on the axis of the lens gets an extended image instead of a point image. 
This defect in image is called the spherical aberration. 


It is to be noted that all rays emerging from a particular zone of the lens 
meet the axis at one single point but rays emerging from different zones meet the 
axis at different points. Consequently, if a screen be held on the way of the 
emergent rays, perpendicular to the axis, as at 4—8 circular patch of light with a 
bright centre will be obtained. The diameter of the circular patch will be minimum 
when the screen is situated at B. This circular patch of minimum diameter is 


referred to as the circle of least confusion and it is taken as the closest approach to 
the point image of the point object. 


There are various Ways of removing spherical aberration, the simplest of 
which is à combination of convex lenses where two convex lenses are used co- 
axially with a separation equal to the difference of their focal lengths i.e. x= f - f 
where x is the separation and fy; fa are the focal lengths. 
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Essay type : 
1. Explain with neat diagrams how à convex lens forms a real image and a concave lens 
a virtual image. What properties of a lens would you use to locate the position of an image of 
an object held perpendicular to the axis of a lens ? Illustrate it with neatly drawn diagrams. 
2. Draw diagrams to illustrate how the position, nature and size of an image change 
when an object is progressively brought very near to a convex lens from a far away point. 
3. Establish à relation between the object distance, the image distance and the focal 
length of a lens. [H. S. Exam. 1979] 
_ 4. Describe how you will proceed to determine the focal length of a convex lens. A 
convex lens is so placed upon a horizontal plane mirror that the axis of the lens is vertical. The 
tip of a pin is moved to and fro along the axis of the lens. Where will the tip of the pin and its 
image formed by the lens coincide ? Give reasons for your answer. 
" — & Show that the minimum distance between an object and its real image formed by a 
convex lens is four times the focal length of the lens. 


6. From the expression ot deviation caused by a small-angle prism, show that the focal 


1 1 1 
length of a bi-convex lensis given by z—(u— 1) {-+ - 
f LC 
7. There is an object on one side and a screen on the other side of a convex lens. Show 
that there are two positions of the convex lens for which a real image of the object is formed 
on the screen if the distance between the object of the screen is more than four times the focal 
léngth of the lens. 
8. What is spherical aberration in a lens ? Explain its origin. What is the method for 
producing minimum spherical aberration ? 


Short answer type : 
9, Whatisalens ? What is the difference between a converging and a diverging lens ? 

40. Explain with diagrams why a convex lens is called a converging lens and a concave 
lens a diverging lens. 

11. Explain the following terms : (i) centre of curvature (ii) optical centre (iii) focus 
(iv) first focal length (v) second focal length (vi) aperture. 

12. What type of lens would you use and where the object is to be placed in order to obtain 
(i) a real but magnified image (ii) a virtual but magnified image (iii) a real but diminished image 
(iv) a virtual but diminished image (v) a real image of same size. Draw neat diagrams in each 
case and mention the practical applications. 

13. (a) Show, with the help of diagrams how a convex lens forms image of an object 
when the object is (i) between principal focus and the pole (ii) at 2f from the lens 
(iii) between’ 2f and infinity. [H. S. Exam 1981] 

(b) A concave lens of r.i. |t is immersed in a liquid whose r.i. is (i) greater than (ii) equal 
to (iii) less than p. If a parallel beam is incident on the lens, draw diagrams to explain the 
nature of emergent beam in each case. (LLT. 1973] 

14. Does the focal length of a lens depend on the medium in which the lens is immersed ? 
If so how ? 


15. A convex lens (H=1°5)is immersed in water (H=1°33). Will the focal length change ? 
If so, how ? [Jt. Entrance 1984] 
A concave lens made of a material of r.i. p is immersed in a medium whose r.i. is greater 
than p. Trace the path of the emergent rays when à parallel beam of light is incident on the 
lens. [Jt. Entrance 1986] 
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16. What is power of a lens ? What is ‘dioptre’ ? : 

17. A spherical mirror has à single focal point but a lens has two focal points. What 
is the reason of this difference 1 f 

18. Will the two focal lengths of a lens be equal if the media on two sides of a lens are not 
the same ? ü 


Objective type : 
19. State which one is correct : 
(i) Will a convex lens behave as a concave lens if the medium surrounding the lens be 
denser than that of the lens ? [Ans. No ; Yes; it will cease to be a lens.] 
Gi) A glass lens has a focal length of 20 cm. It is immersed in water. Will its focal 
length increase ? [Ans No;Yes; it will remain 20.cm.] 
(ii) On one side of a lens there is air and on the other water ; will the first focal length be 
equal to the second focal length ? [Ans. No ; Yes ;] 
(iv) Alens has 25 cm. focal length. What is its power in dioptres us 
` [Ans. +4D ; —4D ; +40D.] 
(v) A lens is producing an image of same size as the object. What is the nature of the 
[Ans. Concave, convex ; plano-convex.] 
(vi) A convex lens A of focal length 80 cm and a concave lens B of focal length 5 cm are 
kept along the same axis with a distance x between them. Ifa parallel beam of light falling on 
A leaves B as a parallel beam, what is the value of x ? [Ans. 15cm, 75 cm, 85 cm.] 


lens ? 


Numerical Problems : 

20. An object 2 cm. high, is placed at a distance of (i) 50 cm. and (ii) 15 cm. respectively 
from a concave lens of local length 20 cm. Find the positions and heights of the images in the 
two cases. [Ans. () 143 cm ; 0:57 em ; (ii) 8:57 cm ; 1:14 cm] 

21. Find the position, nature and size of the image of an object, 1 inch high, placed in 
front of a convex lens, at à distance of twice the focal length of the lens. 

[Ans. twice the focal length, real, 1"] 

22. A virtual image is produced by a lens when an object is placed 20 inches from the lens. 
The size of the image is $ that of the object. Determine the position of the image, the nature 
and focal length of the lens. [Ans. 13-3”, concave ; 40"] 

23. A convex lens forms a real image of double the size than the object when the object 
is placed 15 cm. from thelens. How far the object is to be placed so that virtual image of double 
the size may be produced by the same lens ? [Ans. 5cm.] 

24. An object 2" inches high, is placed from a convex lens (focal Jength=7 inches) at 
distances of (a) 4 inches (b) 10 inches respectively. Find the position, nature and size of the 
image. [Ans. (a) 94” virtual ; 4j" (6) 3j" real ; 44"] 

25. An object 3 cm. high placed 10 cm. away from a concave lens of focal length 20 cm. 
Calculate the position, height and nature of the image formed. [Ans. 6°6 cm. ; 2cm. ; virtual] 

26. What will happen when the following rays are incident on a convex lens of focal 
length 20 cm. +—(i) a parallel beam of rays (ii) a diverging beam of rays coming from a point 20 
cm. away from the lens (iii) a diverging beam of rays coming from a point 5 cm. away from the 


lens (iv) a converging beam of rays tending to converge at a point 20 cm. behind the lens. 
Taking the mean ray of the beam coincident with the axis of the lens, draw a neat diagram 


in each case. "i } $ 
[Ans. (i) converge at the focus (ii) emerge as a parallel beam (iii) produce a virtual image 


at a distance 6.6 cm. (tv) converge at a point 10 cm. from the lens.] 

27. An upright image of an object is formed by two convex lenses of same focal length. 
Show that the distance between the lenses must, at least, be double of the focal length of any 
lens. Show, in a diagram, the paths of the rays. 
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28. A magnified image is to be cast on a screen 10 metres away from'a convex lens. If 
L 


the magnification be 20, ‘what would be the focal length of the lens ? Ans. 47:6 cm.] 
29. The image of a real object in a diverging lens of focal length 10 cm. is formed 4 cm. 
from the lens. Find the object distance and the magnification. [Ans. 6:66 cm ; 06] 


30. Two convex lenses of focal lengths 3 cm. and 4 cm. respectively are placed at à distance 
of 8 cm. apart and an object 1 cm. high is situated on their common axis 4 cm. in front of the lens 
of smaller focal length. Calculate the position and size of the final image. 
[Ans. 2cm. away on the right of the second lens ; 1:5 cm.] 
31. Two convex lenses, each of focal length f are at à distance 3f apart, Where should an 
object be placed so that the lens system may produce à real image ? [Ans. u>2f or <3f/2) 
32. A glass (w=) lens of focal length 12 cm. is immersed in water (=$). What will be 
its focal length then 1 (Ans. 48 cm.] 
33. A glass lens has a focal length of 5 cm. inair. What will be its focal length in water 1 
R.I. of glass is 1:51 and that of water is 1:33. (LLT. 1977) (Ans. 19:39 cm.] 
34. A convergent beam of light passes through à divergent lens of focal length 20 cm. 
and is brought to à focus at a point 15 cm. from the lens. Find the position of the point at which 
this beam would have been focussed in absence of the lens. [Ans. 8:57 cm.] 
_ 35. A concave lens of focal length 15 cm. is placed in the path of a converging beam of 
light 3 cm. in front of the converging point of the beam. Find the position of the point where 
the beam actually converges after refraction through the lens. 
[H. S. Exam 1984) [Ans. 3°75 cm on the sight side of the lens] 
36. A convex lens of 5 inches focal length forms an image of an arrow which lies along 
the axis of the lens with its middle point 9:5 inches from the lens. The length of the arrow is 1 
inch. Find the length of its image. [Ans. 1:25 inches] 
a7. Light from an object passes through a thin converging lens, of focal length 20 cm. 
placed 24 cm. from the object and then through a thin diverging lens of focal length 50 cm and 
the final real image is formed 62:5 cm away from the concave lens. Find (i) the position of the 
image due to the first lens (ii) distance between the lenses (iii) magnification of the final image. 
Ans. (i) 120 cm. from the convex lens (ii) 92:2 cm. (iii) 2:2) 
38. A convex lens formed a real image of an object at à distance 20 cm. from it. When 
a concave lens Was placed 4 cm. away from the convex lens towards the screen, the image moved 


10 cm. further away. What was the focal length of the concave lens ? [Ans. 375 cm.] 
39. (i A convex lens forms an image of an object ‘n’ times magnified. Prove that the 
object distance=(n+ 1) í H where f —focal length of the lens. [H. S. Exam. 1983] 


(i) The distance between an object and a thin divergent lens is m times greater than the 
focal length of the lens. How many times smaller will be the image than the object ? 


[^ E 


40. An object is placed in front of a convex lens at such à distance away that the lens 


forms a real image of same size. Then the object is moved 16 cm. towards the lens. The image 
still remains real but is magnified three times. Calculate the focal length of the lens. [Ans. 24 cm.] 


Harder Problems : 

41. A convex lens placed at à certain distance aWay from an object produces à real image 
ol magnification m. When the object is moved through a distance x away from the lens, the 
image is still real but of magnification rr. Prove that the focal length ‘f’ of the lens is given by 
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42. Animage 1 cm. long of an object is formed on a screen by a convex lens. Keeping the 
object and screen fixed, the lens is moved until another image is formed on à screen. If this 
image is 0°75 cm. long, what is the length of the object ? [Ans. 0:87 cm.] 

43. An object is placed a certain distance away from a screen. Keeping a convex lens 
between them, it is found that two positions of the lens are available, for each of which a sharp 
image of the object is cast on the screen. If x be the displacement of the lens and m. and ma 
be the magnifications of the image in the two positions of the lens, then prove that fom 

4- 79 
[H. S. Exam. 1983] 

44. A beam of light, converging to à point 10 cm. behind a converging lens, is incident on 
the lens. Find the position of the image. point if the lens has à focal length of 40 cm. 

[Ans. 8cm. from the lens] 

45. An object is at a distance D cm. from a screen. A convex lens of focal length f 
forms an image of the object on the screen. When the lens js shifted through a distance X cm., 
another sharp image is formed on the screen. Show that x—A/ D(D—Af) 

46. A virtual image of an object is formed when the object is placed at à distance of 30 
cm. from à lens. The magnification of the image is 2/3. Find the position of the image and focal 
length of the lens. Whatis the nature of the lens ? ^ 

LH. S. Exam. 1981) (Ans. 20 cm. ; 60 cm. ; concave] 

47. An object is placed at 20 cm. left of a convex lens of focal length 10 cm. Jf a concave 
mirror of focal length 5 cm. is placed 30 cm. to the right of the lens, find the magnification and 
nature of the final image. WIT. 1974] [1 ; real and erect] 

4g. An object is placed at a distance of 8 cm. on the axis of and one side of a convex lens 
of focal length 16 cm. A second convex lens of focal length 10 cm. is placed co-axially on the 
other side of it and at à distance of 5 cm. from the first lens. Find the position and magnification 
of the final image formed by the lens combination. 

[H. S. Exam. 1981] [Ans. 19:09 cm from the second lens ; 1:8] 

49. A pinis placed 10 cm. in front of a convex lens of focal length 20 cm. made of a material 
of r.i. 15. The surface of the lens further away from the pin is silvered and has a radius of curva- 
ture 22 cm. Determine the position of the final image. Js the image real or virtual ? 

[LLT. 1978] [Ans. 132 cm ; real] 


50, A convex lens of focal length f produced an image of an object m times magnified on a 


screen. If x be the distance between the object and the screen, show that f= dis» 


5j, When an object is placed 60 cm. away from a lens, its image is formed on the other 
side of the lens at a distance of 300 cm. from the lens. If the object is moved by 20 cm. towards 
the lens, by how much would the position of the image move 1 
LH. S. Exam. 1978) [Ans. 200 cm. from the lens on the side of the object] 
52. The convex surface of a thin concavo-convex lens of glass of r.i. 1:5 has a radius of 
curvature 20 cm- The concave surface has a radius of curvature 60 cm. The convex side is 
silvered and placed on a horizontal surface. (i) Where should a pin be placed on the optic axis 
so that its image is formed at the same place ? (i) If the concave part is filled with water of 
ri. $ find the distance through which the pin should be moved so that the image of the pin 
ri in coincides with the pin. (LT. 1981] [Ans. (i 15 cm. (ii) 3-4 cm] 
53. A plano-convex lens has à thickness of 4 cm. when placed on à horizontal table with 
the curved surface in contact with it, the apparent depth of the bottom-most point of the lens is 
found to be 3 cm. Tf the lens is inverted such that the plane face is in contact with the table, the 
apparent depth of the centre of the plane face of the lens is found to be 25/8 cm. Find the focal 
length. of the lens. 
. The numerical value of the focal length of a thin convex lens is f and an object is at à 


distance ! (uf )from the lens ; à plane mirror is placed behind the lens perpendicular to the 
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axis at a distance f from the lens. The image of the object after reflection at the mirror and à 
second refraction through the lens is at à distance » in front ofthelens. Prove that u--v —2f. 
t [Hints : Let v, be the image distance for 1st refraction. Then 
sot ort or jon teri Fe 4 abut 
eio of CET E I Ld u—f 
—ve sign shows that the image is real and on the side of the plane mirror. The distance of this 


image from the mirror. y= SA qum s 
z 
^. The plane mirror forms an image of it at eina it. So the distance of this image 


fj 2ft—fu ; : 
from the lens=S Fy = M. If v^ be the final image by the lens (rays now come from 


left to the right) pi fet iir og on i Medien n 

v' "af*—fu y ws apf f 2f—u 
Since the rays are NOW proceeding from left and vis —Ye it shows that the image is formed at a 
distance 2f—u in front of the lens. Since this distance is v, we have v=2f—u or u-+v=2f). 


55. Show that à thin diverging lens of focal Jength +f followed by à thin convergent lens 
of focal length — f will bring à parallel beam of light to a focus beyond the second lens provided 
that the separation of the lenses a satisfies 0<a< f. Does this property change if the lenses are 
interchanged ? What happens when a-0 1 
56. Two thin lenses, one having f=— 12 cm. and other f 10 cm. are separated by 7 cm. 
A small object is placed 43.5 cm from the centre of tbe lens system on the principal axis first on 
one side and next on the other side. Find the location of the final image in each case. 
[24 cm on the right of second lens ; 60 cm on the left of 1st lens] 
. "The radius of curvature of the convex face of a plano-convex lens is 12 cm. and its r.i. 
js 1-5. Find the focal length of the lens. The plane surface of the lens is now silvered. At what 
distance from the lens will parallel rays incident on convex face converge ? Sketch the ray 
diagram to locate the image, when à point object Is placed on the axis, 20 cm. from the lens. 
LLIT. 1979] [Ans. (i) 2A cm. (ii) 12 cm. in front of the lens (iii) 30 cm. on the other side] 
58. A convex lens B of focal length 20 cm. is placed at à distance of 30 cm. to the right of 
an identical lens A. A point object is placed at à distance of 30 cm. to the left of 4 on the common 
axis of the two lenses. Where should a convex mirror of radius of curvature 7 cm. be placed so 
that the final image coincides with the object ? [U.LT. 1971) (Ans. 5 cm. on the right of B] 
59. When a small object is placed at 4 on the axis of a convex lens of focal length f, the 
image is erect. When the object is moved to B, the image is inverted but of the same size as before. 


If m be the magnification, show that AB=~. 


60. The image of a square hole on à screen illuminated by light is obtained on another 
screen with the help of a converging lens. * The distance of the illuminated square from the lens 


is 40 cm. The area of the image is 9 times that of the square hole. Calculate the position of 
the image and the focal length of the lens. [Ans. 120 cm. ; 30 cm.) 
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DISPERSION OF LIGHT AND SPECT RUM 
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51. Dispersion of light : 

The ancients were aware of the brilliant hues produced when sunlight 
passed through transparent gems and crystals, but it was not until the 
middle of the seventeenth century that Sir Isaac Newton investigated the problem 
systematically. 


Experiment : In an opaque screen, a small circular hole H is made, through 
which white sunlight is allowed to pass and fall on a prism p. (Fig. 5.1). After 
emergence from the prism, when the 
rays fall on another screen S, the rays 
are found to spread out into a band of 
colours. The sequence of colours in 
the band is the same às one seen in the 
rainbow, with red at one end and violet 
at the other. The other intermediate 
colours are orange, yellow, green, blue 
and indigo. The sequence of position 
of the colours can readily be obtained 
from the word VIBGYOR formed by taking the initial words of the colours. The 
band of colours is called a. spectrum and the spreading process is called dispersion. 

From the spectrum so formed it is seen that the deviations of different 
colours are different, red having the least deviation while violet having the most. 
Difference in deviation is known as refrangibility. The refrangibility of yellow 
being intermediate between the refrangibilities of red and violet, the yellow is 
sometimes referred to as the mean colour. 

When white light passes through a prism, why does it get dispersed. into 
seven different colours 3 Light of different colours have different velocities in à 
dispersive medium like glass. The velocity of red light is the greatest and that of 
violet the least. As a result, in crossing the width of the prism, rays of different 
colours take different times and get separated when they come out of the prism. In 
air or in vacuum, the velocity of all the coloured rays is the same. So, white 


light is not dispersed in vacuum OF alt. 


Fig. 5.1 


52. Composite nature of white light : 

The phenomenon of dispersion of white light proves that white light is à 

mixture of seven different colours and hence it is a composite OY compound light. 

If any of the seven colours of the spectrum is again allowed to pass through 

another similar prism, nO further splitting is found to occur ; the light retains 

its colour which shows that (i) each colour of the spectrum is monochromatic 
i ; chrome—colour) and (ii) the colours are not introduced by the 


prism but are components of white light. 
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i ite light i i if all the seven colours 
site nature of white light is well established if al s c 
f ros n on recombination, can produce white light again. This can 
roe ae be done in the following ways : 
(i) By two similar prisms : P and Q are two identical prisms, made of 


same material, placed side by side with 
v 
GG 


their refracting angles turned in the 
Opposite directions. The spectrum 
formed by the prism P out of the white 
light incident on it, is allowed to pass 
through the prism Q. It will be seen 

Fig. 5.2 that the prism Q has combined the 
different colours into white light on the screen S (Fig. 5.2). 


(i) By several mirrors: A prism disperses white light into seven 
constituent colours, each of which falls on 
a reflecting mirror. The mirrors are so 
arranged that the reflected colours of light 
all meet at a certain place on a screen. A 
white patch of light will be seen on the 
screen at that place (Fig. 5.3). Fig. 5.3 

(iii) By  Newtons colour disc: It 
is a circular disc of cardboard 
divided into four equal quadrants. Each 
quadrant is again divided into unequal 
Sectors painted with colours of the spec- 
trum in their correct proportions and posi- 
tions. The disc is mounted on a turn-table. 
When the disc is rotated rapidly, it appears 
nearly white. The reason is that before the 
impression due to any one colour has died 
away it is succeeded by all other colours. Due 
to this *persistence of vision' there is a physio- 
logical mixture of spectral colours and the disc 
appears almost white to the eye. 


m--rz 


5.3. Sensation of colour : 


Sensation of colours depends on the wave length of light. All the seven 
colours of the spectrum have different wave lengths. Each of them is called 
monochromatic light. The wave length of light is usually expressed in Angstrom 
unit, Its symbol is 4^. 14°=10-%cm. The wave lengths of the spectral 
colours in angstrom unit are as follows : 


Red—6800A° Blue—5050 A? 
Orange—6300A* Indigo—4800A° 
Yellow—S800A° Violet—4300A° 


Green—5300A* 


M ooa i a 


fe i eh, 
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From the table, it is seen that red light has the longest and the violet the 
shortest wave length. Sensation of light to the eye is the strongest in the yellow- 
green region. Sensation gradually diminishes on both sides of this region. Visibi- 
lity in the red and the violet regions is almost nil. For this reason, a substance 
illuminated with yellow light appears brightest while a substance illuminated with 
red or violet light appears almost dark. 


5.4. Angular dispersion and dispersive power : 

In art 3.20, we have seen that the deviation undergone by a monochromatic 
ray of light while passing through a thin prism is given by 3—(p— 1)4, where A 
is the angle of the prism and p its refractive index. 

Now, suppose that a ray of white light is incident ona thin prism. The ray 
will be dispersed into seven different colours while it passes through the prism 
and the deviation of these different colours will be different. 

Now, for the mean yellow colour, we may write, 

s=("-DA .. a (i) 
where 3—the deviation of the mean yellow colour 
j=refractive index of the prism for mean yellow colour or mean 
refractive index. ; 

Similarly, for red and violet light, we have 

N 8-=(ptr—-1)A en is (ii) 
and 8,—(u»— 1)4 p 2s (iii) 

Now, angular dispersion is defined as the difference between the angles of 

deviation of the extreme colours of the spectrum, viz, red and violet. 


Angular dispersion= 3» — 8, — (ps — m (u-1)A 


[multiplying and dividing by (u—1)] 
a ee 8 [From eqn. ()] 
mes 
Ln MN o where o is the dispersive power of the material ` 


or, ; T 


of the prism. 
According to differential calculus, the slight increase of r.i. of the material 


from violet to red (=v — Br) may be called du. ^. o= —— 


(Ho- Hr) s.s 
u-1 
—dispersive power x mean deviation. 
Example: 4 glass prism has refracting angle 8^ and its refractive indices for 
blue and red light are 1:532 and 1°514 respectively. Find the angular dispersion 
produced by the prism. What is the dispersive power of the material of the prism ? 


Now, angular dispersion= 
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Ans. Angular dispersion (uo — u)4—(1:532- 1:514) x 8" 0-144" 


Also, dispersive power oT [i mean refractive index) 


Now, ys IS 1:523 
in ional 0-018 _9.934 (nearly). 
1:523—1 0:523 


5.5. Impure and pure spectrum : 

When white light is ordinarily dispersed by à prism and the dispersed rays 
are received on a screen, We get an impure spectrum because in the spectrum 
so formed, the different colours are not distinctly visible nor do the colours 
occupy their respective positions. The reason for a spectrum being impure 
is as follows: we cannot isolate a single ray. However small the hole on 
the screen may be, we always get a number of rays each of which produces its 
own spectrum. All these spectra, getting overlapped make an impure spectrum 
on the screen. This may be demonstrated by blowing smoke in the path 
of the rays emerging from the prism. The smoke appears coloured only at the 
boundary of the beam, the centre being white near the prism. 


Definition : A spectrum in which different colours of the spectrum occupy 
distinct and different positions, and are distinctly visible is called a pure spectrum. 


A spectrum in which different colours of the spectrum do not occupy distinct 
and different positions and are not visible clearly is called an impure spectrum. 


5.6. Methods of producing pure spectrum : 

(i) Sisavery narrow slit illuminated with white light. A convex lens L is 
so placed that it produces a sharp image S" of the slit S on a screen M [Fig. 5.5]. 
Now, a prism P is placed between the lens and the screen in the position of mini- 
mum deviation of the yellow ray. In this position of the prism, other colours 


Fig. 5.5 


will also come out almost with minimum deviation and there will be not much 
difference in their paths through the prism. Consequently, the white light will 
be dispersed by the prism into seven constituent colours which will produce 
seven distinct images of the slit on the screen. 
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` (ii) A narrow slit S is placed at the focus of a convex lens L, and is illu- 
minated by white light. The lens sends out a parallel beam of white rays on to 
the prism P which is placed in the position of minimum deviation for the yellow 
ray (Fig. 5.6). When the white ray will be dispersed by the prism, rays of any one 
colour come out as parallel bundle. On account of the dispersion, the angle of 


Fig. 5.6 


emergence is, however, different for different colours. A second lens L, now, 
focusses the different parallel bundles to different points on the screen M. Apure 
spectrum will, therefore be formed on the screen. 


Conditions of forming pure spectrum : From the above arrangements, it is 
clear that the following conditions are necessary for producing a pure spectrum : 
(i) The slit should be very narrow ;for'a wide slit allows a large number of 
rays to fall upon the prism, each of which forms its own spectrum and all these 
spectra, on. superposition, make an impure spectrum on the screen. 

(i) A convex lens should be used in order to make the incident beam 
parallel. This will make the deviations of the rays of one particular colour equal. 
(ii The prism should be placed in the position of minimum deviation of 
the mean yellow ray. Rays of other colours will consequently, come out with 


minimum deviation. 
(iv) Another convex lens should be used in order to form different coloured 


images of the slit on the screen. 


x5. Chromatic aberration in a lens : 

In establishing the lens formula we assumed, among other things, that 
ochromatic light was incident on the lens and hence, no question regarding 
at that time. But we know that a lens may be 
regarded as a combination of a large number of small prisms and as such 
f a lens towards white light is very much the same as that of a 
prism. So, when white light passes through a lens close to the edge, it is 
dispersed in much the same way as it is dispersed when passing through a prism. 
ight, being deviated the most, comes to a focus nearer the lens than 


The violet lig 
the red. The edges of the image, as à result, become tinged with colour and 


the image becomes defective. 
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Consider a parallel beam of white rays falling on a convex lens (Fig 5.7). 
After dispersion, the violet rays will be brought to focus at a point Fy, nearer the 
lens than the red rays which will be brought to focus at F,. So, the focal length of 
a convex lens is the greatest for red and least for violet ray. If the lens forms an 
image of an object illuminated with white light, coloured images of different 
magnifications will be formed at different positions. These coloured images, 
being overlapped, will make the final image blurred. If a screen be held at right 
angles to the axis of the lens at Fy, a coloured circular patch of light will be obtained 


WHITE LIGHT 


Fig. 5.7 

on the screen whose circumference will be coloured red and centre violet. If the 
screen be similarly placed at Fy, the circumference will be coloured violet and the 
centre red. The image at both the positions will be coloured. This defect of 
image due to dispersion is called chromatic aberration. 

In art 4.13, it has been said that the focal length of a convex lens is 
given by pu 1) (+ L) where p=r.i. of the lens material and r,, ra are its 

1 2 


radii of curvature. From this relation, it is clear that the focal length of the lens 
will be different for different colours because p is different for different colours. For 


1 (: 1 1 1-51 ) 
example for blue colour ^ (po — 1) kt : ) and for red i —(pr — 1) (2* . 


Ts 
Now for crown glass j15— 1:523 and ji, — 1:513. So, for blue light i = (1°523—1) 
b 
Goti ifthe radii of curvature are 20cm and 15 cm respectively. We, there- 
fore, get fo=1639 cm. Similarly, for red light UE - uU. 
r 


15^ 167 
or fr=16°70 cm. 

Hence, the difference of the focal lengths of the above lens—f;—f»— 
16°70 —16:°39=0'31 cm. 

Chromatic aberration can be minimised in the following ways :— 

(i) Two lenses, one convex and one concave, put in contact can minimise 


chromatic aberration if m 2:0 where, o and @, are the dispersive powers 
1 2 


of the lenses and f; and f; are their mean focal lengths. 
(ii) Two convex lenses, made of same material, when placed co-axially 


so that their separation x=3}(f,+-f2), where f, and f; are their mean focal lengths, 
can minimise chromatic aberration. 
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Achromatic doublet : We have seen that a convex lens of crown glass and 
a concave lens of flint glass when kept in contact with each other on the same 
axis form an achromatic system, provided their focal lengths and dispersive powers 


^ . O, We à 4 3 
satisfy the relation ar wm This condition does not, however, contain the 
1 2 


radii of curvature of the curved surfaces of the lenses. But we know that the 
focal length of a lens depends on the radius of curvature of its curved surfaces. 
If the radii of curvature are so adjusted that the above F. 

system minimises the chromatic aberration as well as the 
spherical aberration, then the system is called an achromatic 
doublet. To prepare an achromatic doublet, a double con- 
vex lens of crown glass and a plano-concave lens of flint 
glass are used [Fig. 577(a). The focal length (fj) of the 
concave lens is larger than the focal length (f;) of the convex 
lens. Further the radius of curvature of the curved side 3. 
of the concave lens is made equal to that of any one side Fig. 5.7(a) 

of the convex lens. The two curved surfaces of equal radius of curvature are 
cemented together by an adhesive, known as canada balsam. This reduces 
the loss of light due to reflection at the composite surfaces. 


5,8. Types of spectra : ^ 

Spectra produced by different substances may be broadly divided into two 
types: (i) emission spectra and (ii) absorption spectra. 

Emission spectra is again divided into several classes such as (i) continuous 
spectra (ii) band spectra (iii) line spectra. Similarly, absorption spectra is divided 
into (i) dark line spectra and (ii) dark band spectra. 


Spectra 
| 
| ! 
Emission spectra Absorption spectra 


Continuous Band Line Dark line Dark band 
We shall now discuss these different types one by one. 


5,9. Emission spectra : € 

A body may be suitably excited to emit light which produces a spectrum 
known as emission spectrum. 

(i Continuous spectra : It presents the appearance of an unbroken 
band of light, varying in colour from point to point. The intensity shades off on 
both sides of a certain region of maximum intensity. It is given by incandescent 
solids such as glowing filament of an electric bulb, white light of an incandescent 


Ph O—9 
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vapour, electric arc etc. The region of maximum intensity shifts towards the 
violet end as the temperature of incandescent body rises. 


(ii) Band spectra : It consists of bands of light separated by dark spaces. Each 
band consists of a collection of fine lines, which are closely packed near one edge. 
‘Compounds like cyanogen etc., give band spectra. Mercury vapour and nitrogen 
also give band spectra. If weak electric discharge be passed through nitrogen 
taken in a discharge tube, nitrogen produces band spectra. Study of band 
- spectra gives us an insight into the molecular arrangement of the substance. 


(iii) Line spectra: It consists of separate bright lines on a dark back- 
ground [Fig. 5.8]. Lines may be sharp or diffuse and generally they are of 
varying intensity. 

Gases generally give line spectra. 
Elements in their atomic state also give line 
spectra. As a matter of fact, line spectra 
are characteristic of elementary state of 

Fig. 5.8 the substance. Each element produces 
its line spectra whose colour and position (i.e. wave length) are fixed. For this 
reason, elements present in any source can be identified by spectral analysis. In 
recent years it has also been possible to find the approximate amount of each 
element by measuring the brightness of the lines. These techniques of spectro- 
chemical analysis are taking the place of regular chemical methods in many indus- 
tries, in medicine, in forensic analysis etc. 


5.10. Absorption spectra : 


` (i Dark line spectra: Dark line absorption spectrum is a continuous 
spectrum with certain characteristic lines absorbed from it by any absorber. It 
is known that a gas or a vapour will absorb, at à comparatively lower temperature, 
those particular kinds of light which it itself emits at a higher temperature. Thus, 
` if white light coming from a carbon arc be spectrosopically examined, it will 
present a continuous spectrum but if a sodium flame be interposed between the arc 
and the slit of the spectroscope, the continuous spectrum will be found to be 
missing two D-lines which are the characteristic lines of sodium light. This type 
of spectrum is called a darkline absorption spectrum. In the same way, if a beam 
of white light be allowed to pass through a Bunsen-flame impregnated with lithium 
salt, the characteristic red line of lithium will be found to be absent in continuous 
spectrum. 
(ii) Dark-band spectra: If white light from a strong source is allowed 
to pass through a coloured solid or liquid, and then examined spectroscopically 
a part of the spectrum will be blotted out from the continuous spectrum of white 


light. This is called an absorption band. The resultant spectrum is called a 
dark-band absorption spectrum. 


. For example, if white light is made to pass through a plate of blue cobalt 
glass, the continuous spectrum of white light is found to be crossed by three dark 
bands, a broad one and two sharper ones in the region from red to green. A 
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piece of ruby glass when placed in the path of the incident white light will absorb 
all colours except some portion of the red and in the resultant spectrum, only the 
ted region will be visible and the rest will be dark. 


5.11. Solar spectrum : 

The solar spectrum, on casual inspection, looks like a continuous spectrum 
with all the colours occupying their respective positions. But when the spectrum 
is examined with a spectroscope of high resolving power, it is found to be 
crossed by innumerable dark lines. The positions of these. dark lines are 
fixed. These dark lines characterise the solar spectrum as dark-line absorption 
spectrum. These lines were first noticed by the Englishman Wollaston in 
1802 but they were studied carefully by the German scientist Fraunhofer in 
1814, for which the lines were subsequently named as Fraunhofer lines. The 
most important of these lines originally found out by Fraunhofer are named 
as A, B, C, D, E, etc., according to the English alphabet. The line marked A lies 
in the extreme red, B and C in the red region, D in the yellow-orange, E in the 
green, F and G in the blue and H and K in the violet region. He mapped out and 
counted as many as seven hundred dark lines in the visible and invisible parts of 
solar spectrum. 


Explanation of the origin of Fraunhofer lines : Kirchhoff's law: ^" 


If light from a source having a continuous spectrum is examined after it has 
passed through a sodium flame, the spectrum is found to be crossed by a dark 
line ; this dark line is in the position corresponding to the bright line emission 
spectrum obtained with the sodium flame alone. The continuous spectrum 
with the dark line is naturally characteristic of the absorbing substance, in 
this case sodium and it is known as an absorption spectrum. An absorption 
spectrum is obtained when red glass is placed in front of sunlight, as it allows 
only a narrow band of red rays to pass through the glass. 

Kirchhoff's investigations on absorption spectra in 1855 led him to formulate 
a simple law concerning the emission and absorption of light by a substance. 
The law states: A substance which emits light of a certain wavelength at a given 
temperature can absorb light of same wave length at that temperature. In other 
words, a good emitter of a certain wavelength is also a good absorber of that 
wavelength. From Kirchhoff’s law, it follows that if the radiation from a hot 
source emitting a continuous spectrum is passed through a vapour, the absorption 
spectrum obtained is deficient in those wave lengths which the vapour would 
emit if it were raised to the same high temperature. This gives us a satisfactory 
explanation of the origin of Fraunhofer lines in the solar spectrum. 

The sun consists of an intensely hot nucleus called the photosphere surrounded 
by a comparatively cooler gaseous envelop known as chromosphere. The tem- 
perature of photosphere is about several million degrees of celsius while that of 
chromosphere is only about several thousand degrees of celsius. Now white light 
from the nucleus of the sun while passing through the gaseous envelop of com- 
paratively lower temperature, is robbed off the colours which these gaseous ele- 
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ments would emit when suitably excited. Hence the dark lines as observed in 
the solar spectrum signify the existence of various elements in the gaseous forms 
in the chromosphere of the sun. For example, 4 and B lines in the red region of 
the solar spectrum signify the presence of oxygen in the solar atmosphere because 
oxygen in a vacuum tube when electrically excited, would present line spectra 
consisting of red lines in the positions occupied by A and B lines. D dark lines 
in the orange-yellow region signify the presence of sodium because sodium vapour 
presents yellow lines in the same position when common salt is put in a non- 
luminous Bunsen flame. 

Arguing in the same way, other lines signify the presence of iron, calcium, 
magnesium, hydrogen etc. in the sun's atmosphere. Kirchhoff, on careful study 
of these dark lines in. the solar spectrum, numbering several thousands came to 
the conclusion that other elements like nickel, barium, copper, zinc etc also exist 
in the sun but the existence of gold, silver, mercury etc were found to be 
doubtful. 

It is to be pointed out here that all the Fraunhofer lines observed in the 
solar spectrum are not due to absorption by chromosphere. Some of the dark 
lines are produced as a result of the absorption by oxygen and water-vapour 
present in the earth's atmosphere. These are called telluric lines and these lines 
become very faint when observations are taken from a high altitude more than 
9000 ft. high. 

Some of the most prominent Fraunhofer lines with their wavelengths and 
the elements responsible for their absorption in the chromosphere are given below : 


Lines Elements Wavelengths 

A Oxygen 7594A? 

B T 6867A° 

C Hydrogen 6563A° 

D, I Sodium 5896A° 
oD h 5890A° 
“F Hydrogen 4861A* 

G; ~ 4341A° 

H Calcium 3969A° 

K » 3934A° 


5.12, Complete spectrum and Angstrom Unit : 


In spectroscopy, wavelength is generally expressed in angstrom unit. 
' 1 Angstrom unit (47)—10-? cm. 
> . A detailed study of the various radiations of different wavelengths in the 
spectra emitted by other substances reveals that besides visible spectrum, infra-red 
spectrum and ultra-violet spectrum, there are other radiations of smaller and 
longer wavelengths which have the properties same as the properties of ordinary 


1 
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visible light. All these radiations are known as electromagnetic waves. All of 
them have the same velocity as the velocity of visible light ; they exhibit reflection, 
refraction, interference and other 
optical properties. 

Of the visible spectrum, red 
has the longest wave length of 


WAVES WAVE LENGTH (cm) 


241x107 19 (014°) 


7x10-5 cm or 7000A° and the Gy 
violet the shortest wavelength of Gammarays g 
about 4x10-5 cm or 4000A° A EP RUM 068) 
[Fig 5.9]. Light of wavelengths 7 14x10 9(144) 
shorter than violet are called X-rays Y 
ultra-violet light whose wavele- ZY 1x10-9(100 
ngths extend from 4000A° to v toto 000 
about 1000A°. Still shorter wave- Ultraviolet Z 
length rays are known as X-rays. h 4x 1075 (4000A) 
X-ray wave-lengths extend from Visible Y $ ; 
1400A° to about 0:06A°. The A 8x107” (8000A) 
gamma rays emitted by radio- Infrared Y 
active substances have wave- 7 s 
lengths even shorter than those of — [a zz 0'04cm. 
X-ra x Short waves { A, 
-rays. Gamma rays of wave * YZ 40cm. 

length between 1:4A? and 0:01A° E A 5x10^ cw. 
have been detected. : Television ZY 10x10? cm. 

Beyond red, we come across 3 7 i 
infra-red rays of waye-lengths | wireless ZZ " 
larger than red. Infra-red rays riw. Ci 77] 2:5 x10 cm. 
have wave-lengths between 700A° E 

ig. 


to 0:04 cm. Still greater wave- 
length radiations or waves are generally called the television waves. Their wave- 


lengths extend from 0-04 cm. to 2:5 10° cm. 


5,13. Colour of different bodies : 

We see everyday substances of various colours like red flower, blue paper, 
green glass etc. How are these colours produced ? 

The colour of an opaque object is judged by the colour it can reflect when 
illuminated by white light. For example, if a piece of red cloth, a red flower or a 
red stick be held in the red part of the spectrum, the object will appear red ; but 
when held in the green part, it will appear black because it will absorb all other 
colours except the one it itself possesses. Hence, an opaque object appears to 
have the particular colour which it can reflect. 

It is to be noted in this connection that black is no colour ; it is the absence 
of all colours. When white light falls on a piece of black cloth, it absorbs all the 
colours of the white light and reflects none. Hence, it looks black. It is also 
to be remembered that white is no colour too ; it is the presence of all colours, 
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When white light falls on a piece of white cloth, it reflects all the colours of white 
light and absorbs none. So, it looks white. 


The colour of a transparent body, on the other hand, is judged by the colour it 
can transmit when illuminated by white light. 


For example a plate of red glass when held in white light will appear red 
but when held in blue light it will look black. This is due to the fact that a red 
glass absorbs all other colours except red which it transmits. Since it absorbs 
blue light, it will not transmit any when blue light falls on it. It will, therefore, 
appear black. Similarly, if a beam of white light be incident on a red glass plate, 
the red rays will be transmitted and if a piece of blue glass be now placed in the 
path of the transmitted red rays, no light will be transmitted through the blue 
glass plate. Hence, a combination of red and blue glass plates will appear black 
in white light. 

‘It is important to note that virtually any recognisable colour can be produced 
by mixing different proportions of three colours viz. red, green and blue. These 
three colours are known as primary colours. 


Further, two colours are said to be complimentary to each other if by mixing 
suitable proportions of them we can produce white, Thus yellow and deep blue 
or orange and blue are complementary to each other because when mixed together 
they can produce white. 


*5.14. Rainbow : 


The rainbow, one of the most commonly observed examples of disper- 
sion, is formed when sunlight passes through myriad droplets of water 

suspended in the air after a shower. 
GTS Consider a ray of white light from 
/ eK cad the sun incident at the point A on a 
P spherical drop of rain. The ray is re- 


fracted on entering the drop at A, reflected 
from the back surface at B and refracted 
again at C on coming out in air (Fig. 5.10). 
But while going through, the ray is also 
dispersed into different colours just as a 

.. Fig 5.10 white ray is dispersed by a prism. It is 
clear from the figure that the ray, on emergence, suffers certain deviation which 
is given by the / D (see Fig 5.10). It has been found that the ray which suffers 
minimum deviation, produces the maximum sensation of colour to the eye. 
Calculation shows that the minimum deviation for red ray is about 138° and 
that for the violet ray is about 140°. 


. Now, suppose that. the rains are falling at one end of the sky and from 
the opposite end the sun shines upon the falling drops. An observer, 
turning his back towards the sun, is looking towards the falling drops 
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(Fig. 5.11). Imagine, for the observer, such an arc of acircle on the sky that 
water drops situated on the are may send 
the sun-rays to the eye of the observer with 
a deviation of 138°. In that case, the drops 
will appear intensely red to the eye of the 
observer. He will see a red coloured arc at 
that position, because 138° deviation corres- 
ponds to the minimum deviation of red. 

Similarly, if another arc be imagined 
so that water drops situated „on this 
arc may send the sun-rays to the eye of 
the observer with a deviation of 140°, the 
drops will appear intensely violet and the 
observer. will see a violet arc at that 
position. Arcs of other colours will also be seen in the same way in between the 
red and violet. The total effect produced by all the drops is what is called a rain- 
bow. This is known as the primary bow. A larger and a fainter bow is sometimes 
seen above the primary bow. This is known as the secondary bow. 

In a primary rainbow, red arc lies on the outside and violet arc on the inside. 
In a secondary rainbow, the colour arrangement is reversed i.e., violet arc lies on 
the outside and red arc on the inside. ! 


Fig. 5.11 


Exercises 


Essay type : 
1. How would you prove the composite nature of white light ? 
2. What are pure and impure spectra ? How will you proceed to form a pure spectrum 
ona screen ? [cf. H. S. Exam. 1978] 
3. Prove, by means of simple experiments, that colours of different bodies depend on the 
following: (a) the colour of the light incident on the body (b) the colour of the light reflected 
by the body, if the body is opaque (c) the colour of the light transmitted through the body if the 
body is transparent. 
4. Describe different types of spectra, giving an illustration of each kind. Describe the 


general nature of spectra produced by (i) an incandescent solid body (ii) a gas discharge tube at 


low pressure. 

5. What do you mean by chromatic aberration in a lens 1. How can it be removed ? 

6. What is meant by chromatic aberration of a lens ? Illustrate it by a suitable diagram 
in the case of a convex lens. [H. S. Exam. 1981] 

7. What are emission and absorption spectra ? Discuss about line spectra, band spectra 
and continuous spectra in connection with emission spectra and dark line spectra and dark band 
spectra in connection with absorption spectra. [H. S. Exam 1984] 

$. Describe the nature of solar spectrum. What are Fraunhofer lines and telluric lines ? 
How do they originate 1 

9, Whatare emission and absorption spectra ? How are Franhofer lines produced in 

j LH. S. Exam. 1981) 


e 


ihe solar spectrum ? 
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10. (a) What do you mean by continuous spectrum and line spectrum ? Explain their 
origin. (b) How can you know what elements are present in a source of light from its line 
spectra ? (e) What is the reason for the origin of dark lines in the solar spectrum ? 

[H. S. Exam. 1984) 


11. How is rainbow formed ? 


Short answer typo.: 
12. What is dispersion of light ? What is its reason ? What is a spectrum ? 
[H. S. Exam. 1984] 

13. Write the colours of the spectrum in order of their wave lengths. Which colour has 
got greater refrangibility—red or violet ? 

14. What are the approximate wave length limits of visible spectrum ? Which portion 
of the visible spectrum is the brightest ? 

15. What will be the nature of spectrum of the following sources :—(a) sun (b) electric 
filament lamp (c) a neon lamp (d) sodium salt illuminated by Bunsen flame. 

16. Compare the focal lengths of a glass lens in the case of red and violet light when the 
lens is (i) convex and (ii) concave. 

17. Will the focal length of a thin convex lens increase if it is determined with mono- 
chromatic red light instead of blue light ? 

{Hints : When red light is used, the focal length will increase. Red light has greater 
wavelength, and hence smaller deviation. The refractive index of glass, for this reason, is smaller 
for red light than blue light. 

1 tard 1 P 
Now, ms ety ib — 2 ;sof ac Rr so as | decreases, f increases]. 

18. What is the difference in appearance between a line spectrum and a continuous spec- 
trum? Why area number of dark lines seen in the spectrum of light from the sun ? 

19. Distinguish between emission spectra and absorption spectra. What is Kirchhoff’s 
law in connection with absorption spectra ? 


Objective type : 
20. Pick up the correct answer :—(a) What is the process called when a ray of white 
light is split into different colours while passing through a prism ? 

- [Ans. refraction, reflection, dispersion]. 
(b) Which region of the spectrum has zero visibility ? — [Ans. Yellow-green, red, violet] 
(c). To which type of spectral lines do the Fraunhofer lines belong ? 

[Ans. emission line spectra, absorption line spectra, dark band spectra]. 
(d) How will a red rose appear in blue light ? [Ans. red, blue, black]. 
(e) Which type of spectra is the characteristic of elementary substances ? 
[Ans. band spectra, line spectra, absorption spectra.] 
(£) A tailor wishing to match thread for a blue shirt, should do so (i) under a yellow light 
(ii) under a blue light (iii) near a window (iv) in semi-darkness. Which is correct ? 
(g) There is a blue disc on a white background. In red light we observe (i) red disc on 
a green background (ii) green disc on a red background (iii) black disc on a red background and 
(iv) red disc cn a black back ground. Which is correct ? 


ii 


—— 


HUMAN EYE AND VARIOUS OPTICAL INSTRUMENTS 


—— 


6.1. Human eye: 


Eye is nature's priceless. gift to man which has enabled him to enjoy the 
beauties of form, colour and motion. It is like an exceptionally fine camera 
with an elaborate lens system on the one side and a sensitive screen, like a 
photographic film, on the other. The description of the principal parts of 
an eye is as follows [Fig. 6.1]. 

The shape of human eye is almost spherical. It can move in a space called 
the socket of the eye. The refracting media of the eye consists of the cornea, the 
aqueous humor, the crystalline lens and vitreous humor and its function is to focus 
an image of the object to be seen on the sensitive screen. Cornea is the anterior 


CILIARY MUSCLES 


li, SUSPENSORY 
AY LIGAMENT 


Fig, 6.1 


(i.e. front) transparent part of the outer coat of the eye-ball The rest of the outer 
coat, called the sclera is white and opaque. Aqueous humor is a transparent 
watery liquid, à bit saline in taste, filling the space between the cornea and the 
crystalline lens. The eye lens is à transparent biconvex lens with back surface 
more convex than its front surface. It is held in position by suspensory ligaments 
to ciliary muscles. Vitreous humour is à jelly-like fluid, transparent in nature, 
filling up the space between the lens and the retina. Like a camera, the eye 
contains an iris diaphragm which opens wider for faint light and closes down to 
a bare pinhole opening for very bright sun light. t is this iris that contains the 
pigment determining the colour of the eye. The pupil of the eye is the aperture — 
at about the centre of the iris. Retina, the light sensitive screen of the eye, is the 
innermost coat of the eye-ball. It is composed of nervous elements and contains 
minute structures called rods and. cones. At the very centre of the retina there 
is a small yellowish looking spot called fovea centralis where vision is most sensi- 
tive. The region of the retina at which the optic nerve enters the eye is most 
insensitive to light and is called the blind spot. There is à black pigment, called 
the choroid, inside the eyeball. If light falls on any other part of the eye-ball 
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except the retina, choroid absorbs it. The line obtained by joining the centre 
of the cornea and the centre of crystaline lens is called the optic axis, while the line 
obtained by joining the fovea centrals and the centre of the eye-lens is called the 
visual axis. 

Function of the eye: It has been pointed out before that the refracting 
media of the eye consists of the cornea, the aqueous humor, the crystalline lens 
and the vitreous humor. When an object appears before the eye, light from the 
object is refracted by the above system and an image is formed on the retina. The 
light pulses on the retina are received by tiny cones and rods whose function seems 
to change the light into electricity. Each cone and rod is connected with an 
individual nerve which conducts the electricity to the brain. Just how these 
electrical impulses are produced by the cones and rods and how they are interpreted 
by the brain as vision, is still only vaguely understood by the scientists. Experi- 
ments seem to indicate that the cones respond only to bright light and are parti: 
cularly responsible for the detection and distinction of colour, whereas the rods 
are sensitive to very feeble light, to motion and to slight variations in intensity. 

The image of the object that is formed on the retina is real and inverted. It 
is an amzing fact that while all retinal images are inverted, they are interpreted as 
being erect. 


6.2. Accommodation and adaptation : 


Accommodation is the ability to focus the eyes on near and far objects. 
In a camera the focussing of a picture on the photographic film or plate is 
accomplished by moving the lens towards or away from the film. In the 
human eye, however, focussing is brought about by changing the shape of 
the crystalline lens. This is accomplished by a rather complicated system of 
ligaments and muscles. The edge of the lens is surrounded by the ciliary 
muscles which, by contracting, cause the lens to bulge out. This reduces the focal 
length of the lens, bringing nearby objects to focus on the retina. When the 
ciliary muscles relax, the suspensory ligaments, being under tension, pull at the 
edges of the lens thus tending to flatten it. Under these conditions, the focal 
length increasses, bringing distant objects to focus on the retina. 

Accommodation of human eye is, however, limited. It has been found that 
a normal eye, without being strained, can accommodate objects lying between 4 
point about 25 cm from the eye and infinity. But if the object be brought very 
close to the eye, it will not be distinct. The eye will have to be strained in order 
to see it clearly. For this reason, we feel pain and strain in our eye if we try to 
see very near objects for a pretty long time. For a normal eye, a distance of 
about 25 cm. is found to be the distance of most distinct vision and it is known as 
the least distance of distinct vision. 

The point situated at about 25 cm. from the eye is called the near point and 
the furthest point upto which a normal eye can see without straining the eye is 
called the far point. > For a normal eye, the far point is supposed to be situated at 
infinity. The range between the near point and the far point is called the visual 
range. Objects situated anywhere in this visual range will be visible to the eye. 


i os 


HUMAN EYE AND VARIOUS OPTICAL INSTRUMENTS 139 


It has already been mentioned that there is an aperture at about the 
centre of the iris, known as the pupil. Making the pupil small or large with the 
help of muscles, less or more light may be allowed to enter into the eye, A man 
unknowingly makes his eye pupil large in dim light and small in strong light. 
This power enjoyed by a man is called his adaptation. The change of the size 
of the pupil does not, however, take place immediately with the arrival of light 
but happens a little later. For this reason when the light of a brightly lit room is 
switched off at night suddenly, the eyes are at first blinded and cannot see any- 
thing but after some time, when the eyes become used to the darkness, the furniture 
and other things of the room become dimly visible... In bright light, the pupil of 
the eye is small in size. When the light is switched off, outside light, coming 
through the windows illuminate the objects in the room very dimly but as the 
pupil can not grow in size immediately, the small amount of outside light can not 
enter into the eye which appears to be blinded for a moment, As time is 
allowed, the pupil gradually becomes larger and the outside light entering into the 
eye, makes the objects of the room dimly visible. 

In the same way, if a man remaining in a pitched dark room for some time, 
suddenly enters a room with bright light, his eyes become dazzled. After some 
time when the pupil automatically becomes smaller in size, the eyes become 
used to the bright light and can see the objects without any difficulty. 


6.3. Persistence of vision : 


When an eye sees an object, the impression of the object on the retina does 
not vanish immediately as the light is cut off. The impression on the retina 
persists for a period of about "th of a second. This effect is known as the 
persistence of vision, If two separate events happen before an eye within an 
interval of th of a second, the eye will not be able to distinguish them as 
separate events but will see them as a continuous one. This happens because 
while the impression of the. first event lingers due to persistence of vision, 
the impression of the second one arrives. If a glowing chip of wood be made to 
rotate rapidly in a circle, the eye will see a ring of fire due to persistence of vision. 

In this connection, it may be pointed out that continuous picture seen in 
cinema-show is due to this effect. 


6.4. The advantage of two eyes: 


As with two ears we hear only one sound, so by ourtwo eyes we see 
only one object although we fix both of our eyes on theobject. But it is to be 
remembered that two eyes produce two different images of the object on the retina 
but they are mingled into one by an inexplicable process of the brain. The 
binocular vision is important in judging position and relative distance between 
two points as well as in having an idea of solidity and depth of an object. 
Everybody knows how difficult it is to put a thread into a needle by keeping 
one eye closed, because we cannot judge the relative distance with one 
occular vision. Also when we see an object with our two eyes, the two images that 
are produced on the retina are not exactly identical owing to the slight difference 
in the positions of the two eyes. The right eye sees more of the right side of the 
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object than the left eye and vice versa and thus an idea of solidity and depth of the 
object is conveyed to the brain. For all these reasons, services of two eyes are 
essential, otherwise for mere seeing a thing, one eye would have been sufficient. 


6.5. Defects of vision and their remedies : 


For a normal eye, the near point is situated at a distance of 25 cm. and 
the far point at infinity. An object placed anywhere in this extended visual 
range will be visible to the eye. An eye, having a visual range less than this, is 
called a defective eye. The two common defects of vision are: (i) Jong sight 
or hypermetropia and (ii) short sight or myopia. 

Besides these there are two more defects. They are known as (i) astigmatism 
and (ii) presbyopia. 

(i) Long sight: For various reasons, the eye-ball of a person may contract 
in size or the focal length of eye lens may increase. As a result, parallel beam of 


| 


(a) Fig. 6.2 (b) 
rays coming from a distant object tend to converge at a point, say c, behind the 
retina [Fig. 6.2(2)]. This defect of vision is called long sight. To correct this 
defect, a converging lens of suitable focal length be held before the eye which will 
add some convergence to the incoming rays before they meet the eye lens and will 
thus enable distant objects to be seen in good focus [Fig. 6.2(5)]. 

To see close at hand, the same eye requires the use of a converging lens of 
still greater power. This is explained in the Fig. 6.3. The near point N’ of the 
long-sighted eye is away from the near- 
point N of the normal eye. The focal 
length of the converging lens L held before 
the eye should be such that rays coming 
from WN after refraction through the lens, 
may appear to come from N’ (Fig. 6.3) 


bu gto From the figure it is clear that for the 
is object at X, N’ will act as a virtual image 
; Fig. 6.3 produced by the lens L. If D be the least 
distance of distinct vision for a normal eye and d that for the defective eye then 
Llc j4 


1 
d Dj [f=focal length of the lens £] 


ee 
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(ii) Short sight: A normal eye, in a relaxed condition, can see clearly a 
very distant object because parallel rays are brought to focus on the retina by the 
eye-lens. In an eye suffering from short-sight, this cannot happen. The parallel 
rays from a distant object after passing through the eye-lens are brought to focus 
at a point, C say, in front of the retina as shown in the Fig. 6.4(a). Consequently, 


(a) Fig. 64 (b) 


such an eye cannot see distant objects distinctly. This defect is called short-sight 
and it arises either from a decrease in the focal length of the crystalline lens or 
from an elongation of the eye ball. 

To remedy this defect, a diverging lens of suitable focal length is to be used. 
For, due to this defect, the eye-lens becomes too much convergent and to decrease 
the convergence, the incoming rays are made a little divergent with the concave 
lens before they meet the eye lens which, then, brings the rays to focus on the 
retina [Fig. 6.4(0)]. 

It is evident from the figure that if the parallel rays from a distant object 
after passing through the concave lens, appear to diverge from P, the far-point of 
the defective eye, then the eye will see the object as if placed at P. The focal 
length of the lens to be used for correction of far-point is evidently equal to the 
distance between the eye and the defective far-point P. 


(iii) Astigmatism: It frequently happens that the cornea acquires a greater 
curvature in one plane than in another. Such irregularities are called astigmatism. 
An eye suffering from astigmatism can not see with equal distinctness a horizontal 
and a vertical line placed at a certain distance away. Rays from an object in one 
plane will be brought to focus by the eye at a different place from rays in another 
plane imposing a strain on the eye. Draw a few radial lines from a centre on a 
card and hold it in front of the eye of a man at a certain distance away. If the 
man fails to see any two perpendicular lines with equal distinctness, he is suffering 
from astigmatism. To remedy this defect, such eye requires astigmatic spectacle 
lenses, i.e., lenses that have more curvature in one direction than at right angles. 
The surfaces of such lenses are not spherical. It is rather difficult to grind and 
polish such surfaces. These are called cylindrical lenses (toric lens) whose curva- 
ture compensates for the curvature of-the cornea in the particular astigmatic 
plane. 

(iv) Presbyopia: As the average person grows older the crystalline lens 
of the eye tends to harden and the muscles that control it tend to grow weaker, 
thus making accommodation more and more difficult. The existence of these 
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conditions is referred to as presbyopia. As a result, old people feel difficulty in 
seeing near objects but parallel rays from distant objects are easily brought to 
focus on the retina by the eye lens. It is very often seen that old people, while 


reading a book or & news-paper, hold it at arm’s length because their near-point 


When, with age, practically all accommodation has been lost, a concave lens 
is required to see the distant objects but for near objects, à convex lens of short 
focal length is needed. The two lenses are conveniently combined in a circular 
frame to form what is called a ‘bifocal’ lens. 

It is worthwhile to mention that opticians measure the power of spectacle 
lenses in terms of ‘dioptre’ and regard the power of convex lenses as positive and 
those of concave lenses as negative. 

Example 1 : A certain long sighted person has a minimum distance of distinct 
vision (near-point distance) of 150 cm. He wishes to read type at a distance of 25 
cm., What glasses should he use ? What is its power in dioptres ? 

‘Ans. Since the defect is long-sight, a convex lens spectacle is necessary. 
The focal length of the lenses should be such as to form an image at a distance 
150 cm. of an object placed at 25 cm. So, here, u=25 cm. and y=150 cm. 


j xm] 1 ]^ 1 1 
p TAX Here, 723—547 1 =- = ZA 
We know, p= pe ^^^ 150 25 f ob 7 =~ 30 
: + f=-30 cm.— —- ap mese -5 metres. 
1 10 
Lar, Power of the lens=+3 = TS D=+33D. 
10 


Example 2: 4 person with short-sight is able to read print only when held 
15 cm. from the eye. What kind of glasses and of what focal length and power are 
necessary in order that print held at a distance of 25 cm. from the eye may be read 
clearly ? 
Ans. Since the defect is short-sight, à concave Jens is needed. The focal 
length of the lens should. be such that the print held at 25 cm. from the eye may 
appear to be at 15cm. ' 
Here, u=+25 em. ;v—-H5 cm. ; f=? 
i RS ESS d Raton nage PARA 
From the relation, =— Be , we have os 5.— 7 ecc em 
si 9 wf Ne 13-35 fT 75 f 
LA ife ds cm.— i et L3 metres 
z m=z 7979778 l 


Sey ess cd = gD DD. 


8 

Example 3: 4 person can focus objects only when they lie between 50 cm. 
and 300 cm. from his eyes. What spectacles should he use (a) to increase his maxi- 
mum distance of distinct vision to infinity (b) to reduce his least distance of distinct 


vision to 25 em. ? Find this range of distinct vision using each pair. 
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Ans, (a) To increase the maximum distance of distinct vision from 300 
cm. to infinity, the person requires a diverging lens. Assuming that the lens is 
close to his eye, the focal length LP=300 cm. as P is 300 cm. from the eye [Fig. 
6.4(b). One limit of the range of distinct vision is now shifted to infinity. The 
other limit is the object distance (u) corresponding to an image distance (v) of 50 
cm. from the lens, as the person can see clearly objects 50 cm. from his eyes. In 
this case, v=50 cm.; f=300 cm. From the lens equation, Wwe 


fd Pie oa. Bc a 
50 u 300 u 50 300 60 
The range of distinct vision is thus from 60 cm. to infinity. 

(b) To reduce the least distance of distinct vision from 50 cm. to 25 cm. 
the person requires a converging lens [Fig. 6.3]. Assuming that the lens is close 
to the eye, in this case, u= D=25 cm. ; v—d—50 cm. as the image must be formed 
50 cm. from the eye on the same side as the object. The focal length of the lens 


TL 1 rii om ESI 1 1 
is gi ra ese trey Eien er S e EN tet —50 cm. 
is given by,- peg 9t FD d 25 30750 f 

Objects placed at the focus of this lens appear to come from infinity. The 
maximum distance of distinct vision u, is given by substituting v=300 cm. and 
—— — 50 cm, in the lens formula. x 

dug uL I. psa qo S E 

«3997 4 77:59 ONY 300" 907 308 M 
The range of distinct vision is thus from 25 to 428. cm. 

Example 4; 4 person with hypermetropia requires a --1D spectacle lens to 
see objects clearly at a great distance. What power spectacles will this person . 
require to see objects at 50 cm. ? 

‘Ans. Since powers of lenses are additive, à lens can be added to the one 
already present and the focal length of this additional lens should be such as to 
render the rays coming from an object 50 cm. away parallel. Clearly 
the lens should be convex and its focal pm 
length should be 50 cm. Hence its power 


u=60 cm. 


of! do ots ye” So, the POWER of the 


100 
spectacle lens the person should . use= -+ 
(113:2)—4:32D- 


6.6. Photographic camera :. 

We know that when an object is placed at 
a distance more than twice the focal length of 
a convex lens, the lens produces a real, inverted 
and diminished image of the object. This pro- 
perty of a convex Jens is applied in the working 
of a camera. The following are the principal 
parts of a camera [Fig. 6.5(a,)]- Fig. 6.5(a) 
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(i) Light-proof chamber : The chamber is made either of cloth or of 
leather and is painted black inside. Its length can be altered by controlling its 
fold (A). 

(ii) Lens: In front of the light-proof chamber, there is the camera lens 
(L) It is a convex lens. In good photographic camera, a combination of lenses 
is used in order to remove harmful aberrations. Four typical high-quality camera 
lenses containing several lens components are shown in Fig 6.5(6), Each lens 
contains an adjustable diaphragm or stop. 


WZ 


(iii) (iv) 


t Stop 
Original "Cooke Triplet” Zeiss " Tessar” 


Fig. 6.5(b) 

. (üi) Diaphragm : It is an adjustable shutter (I) controlling the aperture 
of the camera lens. It controls the intensity of light admitted into the camera 
and improves the sharpness of the image. 

The diameter of the lens aperture is usually expressed as a fraction of the 
focal length of the lens. It is known as the f-number of the lens. Thus, a lens 


of fnumber ma means that the diameter of the aperture of the lens is z} th of the 


focal length of the lens. The range of distances on the near and far sides of a 
plane focussed upon, within which the details are imaged with acceptable sharpness 
is called the depth of field and is of particular importance in photography. For 
a given lens, greater the f-number, the greater is the depth of field. 

(iv) Shutter : It controls the time of exposure. In modern camera, 
there is arrangement for varying the time of exposure from 0:1 to 0°01 sec. Such 
exposures are called 'instantaneous exposures. There is, of course, arrangement 
for ‘time exposure’. The time of exposure depends on the amount of light in the 
image formed by the camera lens which again depends on the effective aperture 
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of the diaphragm. If d be the diameter of the aperture and f the focal length of 
the lens, the time of exposure is proportional to (f/d)*. The quantity, d/f is, 
however, called the relative aperture. 


(v) Screen: There is a ground glass plate (F) behind the lens on the 
other end of the light proof chamber. It is called a screen. Before taking the 
actual photograph, the length of the chamber is adjusted until a sharp image of 
the object is formed on this screen. 


(vi) Plate : It is a clear glass plate having a layer of chemical emulsion 
on it, which makes the plate light-sensitive. 


(vii) Slide : It is a wooden casing, flat and light-proof, for holding the 
photographic plate. 


Function of a camera : A sharp image of the object to be photographed 
is first formed on the ground-glass screen by adjusting the length of the light-proof 
chamber. The screen is then removed and replaced by the photographic plate or 
film. Light from the object is allowed to fall on the plate for a short duration 
depending on the intensity of the light and the relative aperture of the lens. A 
good photographer can easily find out the proper time of exposure, depending 
upon the circumstances. Light falling on the plate produces chemical reaction 
in the silver bromide emulsion and deposits silver at different points of the image 
in different densities. After this, the plate is developed and fixed in a dark room. 
For this purpose, the plate is dipped in a solution named *developer'. This makes 
the image come out slowly and when it is distinct, the plate is washed in clear water. 
The plate is then dipped in another solution, called *hypo'—itis, in reality, a solution 
of sodium hyposulphite—and washed in clear water. 

The image so formed on the plate is a negative. A positive is printed from 
the negative by placing a sensitized paper in contact with the negative and exposing 
the paper to light. It is then dipped in developer and then in hypo. After that 
it is washed in clear water and dried. In this way, a photograph is prepared. 

It goes without saying that photography is a very skilful work. It requires 
much experience in producing a good photograph. 


6.1. Comparison between camera and human eye : 

It has already been mentioned that a camera bears a close resemblence with 
human eye. As a matter of fact, human eye can be called a superfine natural 
camera. The points of similarity between the two are mentioned below. 

(i) In a camera there is a light-proof chamber. The eye ball in a human 
eye serves as a light-proof chamber. | 

(ii) There is a convex lens in a camera which forms a real, inverted and 
diminished image of an object. Similarly, in eye, the cornea, aqueous humor, 
the crystalline lens and vitreous humor, constitute a converging system which 
forms a real, inverted and diminished image of an object. 

(ii) The diaphragm in a camera controls the aperture of the lens. In the 
same way, iris in an eye controls the aperture of the lens. 


Ph, II—10 
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(iv) The shutter regulates the time of exposure in a camera. In human 
eye, the eye-lid controls the time of exposure. 

(v) Ina camera, the image is formed on a light sensitive plate or film. In 
human eye, the image is received on the retina. 

(vi) The distance between the lens and the plate, in a camera, is altered for 
proper focussing by adjusting the fold of the chamber. In an eye, proper focussing 
is done by the exercise of the power of accomodation. 

(vii) The inside of the camera box is painted black ; the eye, similarly, has 
a coating of black paint, called choroid, inside it. 


Visual Instruments 


The instruments which assist us in seeing things properly are called visual 
instruments. In this respect, microscopes, telescopes, binoculars are visual instru- 
ments. The apparent size of an object depends upon the angle it subtends at 
the eye. The greater the angle subtended, the greater will be the apparent size of 
the object. This angle is called the visual angle. It is well known that street 
lamp-posts appear to be shorter the farther they are although, in fact, all are of the 
same height. 


Visual angle: Consider an object PQ placed at some distance from the 

eye and suppose 0 is the angle subtended (in radians) by it at the eye [Fig. 6.6(a)]. 
Since the opposite angles at L are equal, it follows that the length P'Q'—a0 
where a is the distance from the eye-lens to the 
retina. As this distance is constant for an eye; 
P'Q'o0. We thus arrive at the important 
conclusion that the length of the image formed 
by the eye is proportional to the angle subtended 
at the eye by the object. This angle is known 
j as the visual angle ; the greater the visual angle, 

Fig. 6.6(a) the greater is the apparent size of the object. 

. Fig. 6.6(b) illustrates what happens when the object is moved from the 
position P to P, and viewed by the eye in both positions. At P,, the angle 0; 
subtended at the eye is greater than the visual angle 0 subtended at P. Hence 


(i) (ii) 


Fig. 6.6(b) Fig. 6.6(c) 
the object appears larger at P, than at P although its actual size is the same. Fig. 
6.6(c) illustrates the case of two objects at P and P, respectively which subtend 
the same visual angle 0 at the eye. The objects thus appear to be of equal size 
although the object at P is actually bigger than that at P,. 


— 


————S1 
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The visual angle subtended by an object at the eye may be increased by 
bringing the object close to the eye. But there is a limit to the distance to which 
objects can be brought closer to the eye because we know that if the distance is 
less than the least distance of distinct vision, the objects become blurred. The 
purpose of visual instruments is to increase the apparent size of the object by 
increasing the visual angle and thereby to enable the eye to see the object distinctly 
and clearly. For this reason, these instruments are called ‘aids to vision.’ 


6.8. Microscopes : 

Microscopes are optical instruments by means of which we see magnified 
image of very small objects which are not ordinarily visible to the eye with 
clear definition. There are two types of microscopes, viz., (i) Simple microscope 
or magnifying glass or reading glass and (ii) Compound microscope. 

(i) Simple microscope: Small. objects—like small types, small prints 
etc.—which are not clearly visible to the eye, may be seen distinctly with the help 


——————— uL 


q 


Fig. 6.7(a) 
of a simple microscope or a magnifying glass. It consists of a single convex lens 
of short focal length suitably mounted in a holder. 

Action : Suppose PQ is a small object to be magnified by the simple micro- 

e [Fig. 6.7(a)]. 
TA X y eios convex lens is so placed that the object PQ falls within the 
focal length of the lens. As shown in the figure, the lens, L forms a virtual, erect 
and magnified image pg. Placing eye on the other side of the lens, this magnified 
image will be seen instead of the object. If the distance of the lens from the object 
is so adjusted that the image pq is formed at the least distance of distinct vision, 
the eye will see the magnified image clearly, without any strain on the eye. : 

When an object PQ is seen through a convex lens acting as a magnifying 
glass, various coloured virtual images are formed. As each coloured image 
subtends the same angle at the eye close to the lens the colours received by the 
eye practically overlap. Thus, the virtual image seen in a magnifying glass is 
almost free from chromatic aberration. 

Magnification : In the case of optical instruments, we are usually concerned 
with apparent sizes of an object and its image which are determined by the visual 
angles subtended at the eye by the object and the image respectively. The magni- 
fication is, therefore, angular magnification and it is defined as the ratio : 

Angle subtended at the eye by the image 
Angle subtended at the eye by the object placed at the position of the image, 
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Now, in a simple microscope, the image is formed at the least distance of 
distinct vision. So, in this case, the magnification, 
Angle subtended at the eye by the image formed at the near point 


m= Angle subtended at the eye by the object placed at the near point 
Since the eye is placed very near to the lens, the magnification is expressed 


by, 


s, AhBle subtended at the lens by the image formed at the near point 
Angle subtended at the lens by the object placed at the near point 
LpOd pfi 
. £P" Fig. 6.7(b) 
Z.P,0q l 
= ue [Since angles are small] 
ga Pu Pa 79 oq D . () 
. Oq Og P4 PO OQ " 
[D=Oq=least distance of distinct vision i.e. 
Fig. 6.7(6) the distance of the near point]. 
From the equation of the lens we get, 
pi 1 


ag npn (i) [fis — ve because the lens is convex] 


Multiplying by D; -2- - 7 or, 1]1- m— s [From eqn... .()] 


m=1+? . Gi) 
From this equation, it is clear that smaller the focal length of the lens, the 
greater is the magnification. For a normal eye, the distance of the near point 
25 
T 
If the image is formed at infinity V= cc. From eqn (ii) We get 
b iced or DD 5 ps .. (iv) 
u gau X 
So, according to the position of the image, the magnification may have 
P. 
f 
Example: 4 magnifying glass of focal length 2 cm. is used to form an image 


of a small object at the least distance of distinct vision (=25 cm.) Find the magni- 
fication produced and the position where the object is to be placed. 


D-25cm. . m-lt 


any value between ( +7) and 


Ans. For a magnifying glass, m=1+7 : here f=2 em. and D=25 cm 


25 
Som-l L—135- 
m=1+ 7 
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Further, from the lens equation, 3 = = a have v— --25 (image is virtual) 
and f= —2 cm. (lens is convex). So, 

LUCRO 5ded dope e E 

Prec mE LL og el 


The object should be placed 1:85 cm. from the lens. 

(ii) Compound microscope: If the object under examination is very 
small, the simple microscope cannot magnify it sufficiently. A more powerful 
instrument is necessary. A compound microscope can serve the purpose. 

Description: It is à combination of two converging lens systems which 


are fitted co-axially in a tube. The lens (O), nearer the object under examination, 
is called the objective which is of very short focal length. The other lens (E) 


(0) 


P 
pi F 
| Q Fo x. 


Paetaa 2074 A asser 


FIRST IMAGE 


Fig. 6.8 


behind which the eye is placed, is called the eye-piece which is of moderately short 
focal length [Fig. 6.8). With the help of a screw provided with the tube, the eye 
piece can be moved. towards or away from the objective. 


Action: The object PQ to be examined is brought up close to the objective 
and placed just beyond the focal point Fo of the objective which forms a real, 
inverted and magnified image P,Q, of it inside the tube. This image is not received 
on a screen but merely exists in space. The eye-piece is now moved with the help 
of the focussing screw and is placed in such a position that the image P,Q; falls 
within its focal length. The eye-piece. in this case, acts as à simple microscope 
and produces an enlarged, inverted and virtual image pq at the near-point of 
the eye. The eye, placed behind the eye-piece can see distinctly the enlarged 


image pq of the object PQ. 
Magnification : In this instrument, the magnification takes place in two 


stages—first by the objective and then by the eye-piece. If their magnifications 
are respectively m and m» then the magnification m of the instrument is given by, 


m-m,X ns. 


Now, m= where v=the distance of the image P,Q, from the objective 
u 


O, and u=the distance of the object PQ from the same lens, 
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It has been pointed out that the eye-piece, in the present case, behaves like 


a simple microscope. Hence its magnification 7; is given by, malt 
- e 


where fe=focal length of the eye-piece. ~ n- (rez) 
e 


Now, applying the lens equation to the objective, we have, 


la i 5 [fo=focal length of the objective] 


vu fo 


or, Sot rh- he n (5-147) 


Again, since fo is small compared to v, we can write 5 — piv 


Jan Je 


From the above expression of the magnification, it is clear that to increase 
magnification, (i) fa the focal length of the objective should be small, (ii) fe the focal 
length of eye-piece should be small and (iii) v should be large i.e. the tube length 
should be as large as possible. 


Further, since in a compound microscope, the image P,Q, is formed almost 
at the end of the tube, v—L, where L is the tube length. Also, since fe is much 


; D D LD 

smaller than D, 1+5 z (nearly). Consequently, m=; 

he fe Fie 

This shows that the magnification increases with the increase of the tube 
length L. - 

_. The objective or the eye-piece of a compound microscope is never made of 
a single convex lens. In order to remove spherical and chromatic aberrations as 
well as to increase the illumination of the final image, the objective and the eye- 
piece are always made of a combination of several lenses. 


‘Example 1: A compound microscope consists of an objective lens of 1 cm. 
focal length and an eye-piece of 2:5 cm. focal length. What is the distance between 
the lenses and what is the magnification if the object is in sharp focus when it is 1:05 
cm. from the objective ? 


Ams. For the objective, u=1:05 cm. ; f=— 1 em. 


we know pe or, ES 1 So 9—-—21 cm. 
v u f * 105 
ie. the image is formed on the other side at a distance 21 cm. from 
the objective. For the eye-piece, v—25 cm. (near point) ; —-—25 cm. 
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indio tI 1 1 1 
Agaü,-—-— 01.2: S CASE TEEHE ; 
gai sv a 23; 25 u=2:27 cm 
So, the distance between the lenses—21--2:27—2327 cm. 


Again, magnification produced by the objective m="= m 


and magnification produced by the eye-piece malt 2=14 55 
e 


21 25 
a ee ese 

Example 2: 4 compound microscope has an objective of focal length 0:5 
cm. and an eye-piece of focal length 2:5 cm. If the image is 25 cm. from the eye- 
piece and the magnification is 330 what is the approximate distance between the 


centres of the lenses ? 


total magnification, m= 


Ans. Fora compound microscope, We know, ^v 2 
fo fe 


Here, m=330 “fj=0'5 cm. fe=2'5 cm. ; D=25 cm. 


ondes : 

Hence, 330—055 25 20xL .. L-165cm. 

Example3: 4 model of a compound microscope is made up of two converging 
lenses of 4 cm. and 12 cm. focal length at a fixed separation of 30 cm. Where must 
the object be placed so that the final image may be at infinity ? What will be the 
magnifying power if the microscope is used by a person whose least distance of 
distinct vision is 25 cm. ? : 


Ans. Ifthe final image is at infinity, the image P,Q: formed by the objective 
O (Fig. 6.8) should be at the focus of the eye-piece E i.e. at à distance of 12 cm. 
from the eye-piece. Hence, the distance of P,Q, from the objective 0—30—12 
=18 cm. 

Considering the action of the objective, we have, 0— — 18 em. ; f— —4 em.; 


1 Aye 1 


= -e2 


por 
5 ion i. Doe = We have,—--— = 
u= ? Now from lens equation 254i z av6,-i3— y i 


colon E "E 


7) [see page 150] 
fe 
18 cm. ; fo=4 om. 5 fe =12 cm. and D=25 cm. 


8 
Now, magnification, n- s 
0 


Here v= 


Hence, »-" n rp? (nearly). 


152 A TEXT BOOK OF PHYSICS 


6.9. Astronomical Telescope : 

It is an instrument used for viewing distant objects like stars, planets etc. 
Fig. 6.9 shows a section of the instrument. 
Like a compound microscope, it consists of 
an objective and an eye-piece fitted co- 
axially in a brass tube. The convex lens 
O is the objective which is turned towards 
the object under examination. It is à 
converging system of very long focal 
length, The eye-piece is also a convex 
lens E behind which the eye is placed. It 
has comparatively à small focal length. 
The eye-piece is movable, being fitted in 
aj draw-tube which can be moved inside 
the main tube. 


Action: For a very distant object, 
e.g. a planet, which is effectively at infinity, 
rays coming from any point on it are 

: Fig. 6.9 sensibly parallel on reaching the telescope. 
They are incident on the objective O slightly inclined to the axis and after refrac- 
tion, they form image FP in the focal plane of the objective. The image FP acts 
as an object for the eye-piece. If the eye-piece is so adjusted that its distance 


Fig. 6.10(a) 


from the image FP is equal to its focal length, the emergent rays will be parallel 
[Fig. 6.10(a)]- A virtual, greatly magnified and inverted image is formed at 
infinity. This process of focussing the telescope is known as the focussing for 
infinity. 

For ordinary vision i.e. for near-point focussing, the final image is to be 
formed at the least distance of distinct vision. For this purpose, the eye-piece 
is pushed a little inside i.e. towards the objective so that the image P,Q [Fig. 
6.10(b)] formed by the objective falls within the focal length of the eye-piece and 
the eye-piece behaving like a simple microscrope, produces à magnified, virtual 
and inverted image pq at the least distance of distinct vision. 
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Because of the optical unsteadiness of the atmosphere, magnification of more 
than about 1500—2000 are seldom used in astronomy. Even more important to 
astronomers is the light gathering power than magnification of a telescope which 


| 


N, 


FINAL IMAGE I 
Loe 


i 
i 
quis 
v 
P 
Fig. 6.10(b) 


determines how faint a star can be and still to be seen. This depends on the area 
of the objective and is one reason for making telescopes of large diameter. 
Magnification : For any visual instrument, magnification means angular 
ation. In the case of a telescope focussed for infinity, [Fig. 6.10(4)] 
_ the angle (8) subtended at the eye by the final image 
m=- he angle (2) subtended at the eye by the object 
Since the object is far away from the instrument, the angle it subtends at the 
eye is same as that subtended by it at the objective. 
LFEP tan LFEP FP, FP OF fo ; 
me Ee OFT C © 
ZFOP tan Z7FOP EF OF EF f. 
[fo focal length of the objective : fe=focal length of the eye-piece.] 
So, to obtain high magnification, the objective lens should have a long focal 
length fo and the eye-piece a short one, fe- In this respect, a telescope differs from 


a compound microscope. 
For a telescope focussed for near-point [Fig. 6.10(b)]. 


magnific: 


——— ——— — —- pL vp s "n 
ec 0,0° 00 00 ^O OQ 


a tana 
Now for the eye-piece, P,Q is the object and pq is the image formed at the 
1 1 


ial i == S y EET temi ED Pt 
near-point ( D), So o4 0,0 z 


1 1 f Test. ; 
Aig LES DT MENT 
TET 0,2 n. Og fe : 


NUS it eee 
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For infinity focussing O,q— oc ; because the image is formed at infinity. So, 


Jo 


from eqn. (ii), we get. "mur which is the eqn. (i). 


This shows that the angular magnification is increased in the ratio 
(1-+-fe/D) : 1 when the final image is formed at the near point. 


Tube length of the telescope : It is the distance between the objective and 
the eye-piece. If v be the distance of the real image formed behind the objective 
and u the distance of this image in front of the eye-piece, then the tube length L 
is given by L—u-rv. 1 

For infinity focussing [Fig. 6.10(a)]. We have seen, | 

v=f and u=fs .. L=fothe .. eS T | 


i.e. the tube-length is the sum of the focal lengths of the objective and the 
eye-piece. For near-point focussing v—f, but ‘uv’ to be found out from the 
following equation : 

Ex 1 E Df, 

- -+= On u= 
D fe D--fe 


(iv) 


Example 1: An astronomical telescope consists of an objective of focal 
length 180 cm. and an eye-piece of focal length 3 cm. Calculate the (i) magnifying 
power and (ii) the tube length of the instrument when the instrument is focussed for 


infinity. 
Pe Ma : Sa 180 x 
Ans. For infinity focussing, sary caet [from eqn. (iii) and tube 


length, L—f,4-f;—180--3—183 cm. [from eqn. (ii)] 


Example 2: A telescope has an objective of focal length 50 cm. andan eye- 
piece of focal length 5 cm. The least distance of distinct vision is 25 cm. The 
telescope is focussed for distinct vision on a scale 200 cm. away from the objective. 
Calculate (i) the separation between the objective and the eye-piece (ii) the magnifica- 
tion produced. [I.I T. 1980] 


Ans. When the telescope is focussed for distinct visions the magnification, 
according to eqn. (ii) art 6.9 is given by 


mis) 214) 2x 61 


The length of the tube L.—f,-- Dfe [eqn (iv) of art 6.9] 
D+ fe 
590425X5 504- 25.541 m 
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6.10. Eye ring and its relation to angular magnification : 


Suppose AB and CD are the diameters of the apertures of the objective and 
the eye-piece respectively of a telescope. Here, the eye-piece will forman image 
of the aperture of the objective [Fig. 6.11]. In the figure EF is the image. From 
the figure, it is clear that the best position of the eye to receive all the rays coming 
from the objective and refracted by the eye-piece is EF. If the size of the image 


Fig, 6.11 


EF happens to be equal to the size of the eye-pupil, then all the rays will enter into 
the eye and make the image brightest. EF is called the exit pupil of the telescope. 
A metallic ring, having diameter equal to EF, is usually placed at the position of 
EF. This metallic ring is known as the eye-ring. The diameter AB of the aper- 
ture of the objective is known as the entrance pupil of the telescope. 

When the telescope is focussed for infinity, we have seen that the magnifica- 


i fa focal length of the objective 
tion, 2 = eee 
e ” » s» ,. €ye-piece 


Now suppose u=the distance of the objective from the eye-piece 
and V= , » » » image EF of the objective from the eye-piece. 


Then, for the real image EF, we can write Gels zu - 
à vu fe 
But, when the instrument is focussed for inifinity, u—L-—f,4-fe 
1 EAS 12r] 1 fo . »_Se(fotfe) 
- ——— = or -= =F => ST oat ya 
So SEAR hh CVR PAR RUSO ar 


Again, suppose D=diameter of the aperture of the objective (AB) 
d= ” 579 » »» eye-ring (EF) 
(effe fo cs 


——<——— 


u 
v ff f 
^ ificati D diameter of the objective 
So, we can write, magnification m= d OUT ZEE NEE 


Example : The focal lengths of the objective and the eye-piece of a telescope 
focussed for infinity are 60 cm. and 6 cm. respectively. If the eye of an observer is 
supposed to be very near the eye-piece and the diameter of eye pupil be 2-8 mm, 
what should be the diameter of the objective lens in order that all the rays coming 


D 
Then 27 
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from the objective may enter the eye 2 Suppose the instrument is focussed towards 


a distant star. 
Ans. Since the instrument is focussed for infinity, mf- 2-10. 
T e 
. Diameter of the objective Diameter of the objective 
Again pe or MEn . 
5» 45s eye-ring 28 


or Diameter of the objective—28 X 10 mm—2'8 cm. 


6.11. Galilean telescope : 

In astronomical telescope, the final image is inverted which is of no 
consequence, however, for astronomical purposes. But for terrestrial use, it is 
notsuitable. Galilean telescope may be used for terrestrial purposes. Tt was 


Fig. 6.12(8) 


invented by Galileo in 1610. Ithas a convex object-lens ( 
and a concave eye-lens (E) of short focallength. The eye-piece is, 85 usual, 
movable. [Fig 612()]. 


Action : A beam of parallel rays from distant object to 


O) of long focal length 


which the telescope 


is turned, is incident on the objective O with slight inclination with the axis. [Fig- 


-Q| P. a ti 


Fig. 6.12(b) 


612(a)]. After refraction, the rays try to form a T 
of the objective but before they do so, they are i 


eal image FP on the focal plane 
ntercepted by the eye-piece E. 
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Here FP may be regarded as a virtual object for the eye-piece. If the eye-piece 
be so adjusted that it is at a distance from FP equal to its focal length, then the 
emergent rays will be parallel and a greatly magnified image will be formed 
at infinity. This sort of focussing is evidently known as the focussing for 
infinity. 

For near-point focussing, however, the eye-piece is pushed a- little towards 
the objective so that the image PQ formed by the objective (virtual object for the 
eye-piece) is at à distance more than the focal length of the eye-piece. In this 
case, the eye-piece forms an enlarged, erect and virtual image pd at the least distance 


of distinct vision [Fig. 6.12 (b)]- 


Magnification : As before 
angle (P) subtended by the image at the eye 


m=" gie (a) subtended by the object at the eye 


For infinity focussing [Fig. 6.12 (a)]- "n 
PEF tan PEF OF. Á 


m="= FoF tan LPOF EF fe 
In this case, the tube length L=OF-EF=fo— fe 


a tana oQ EQ EQ 
Now, for the eye-piece, OP is the virtual object and pq its real image. 
i Ete 
Applying lens equation, We get, ei n f 
1 1 1 lu ite a 
(Euh. Ghani een Ols += FF Eq=D uL Sl aa 
Ofte fea cie PR UE Edge 


.D 
Here, the tube-length L-00-EQ-fs- Dc 


Example : A galilean telescope has an object glass of 12 cm. focal length 
and an eye-lens of 5. cm focal length. It is focussed on a distant object so that the 
final image seen by the eye appears to be situated at a distance of 30 cm. from the 
eye lens. Determine the magnification produced. 


Ans. Fora Galilean telescope focussed for near point, the magnification 


m is given by, mA -f) ; Here, foe cm. ; fe=5 cm. and D=30 cm ; 
€ 
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6.12. Comparative study of astronomical and Galilean telescopes : 


Similarities : (i) Both the telescopes may be used for viewing distant 
objects. (ii) Both of them have an objective and an eyepiece. (iii) The focal 
length and aperture of the objective in both cases are larger than those of the eye- 
piece. (iv) Both of them are refracting telescopes, (v) Both the instruments 
have the same expression for their magnification. 


Dissimilarities : (i) The eye-piece in an astronomical telescope is a convex 
lens whereas the eye-piece of a Galilean telescope is a concave lens, (ii) For 
infinity focussing, the tube-length of a Galilean telescope is (f;—/;) and that for 
an astronomical telescope is (f,4-f;). So, Galilean telescopes have shorter length 
than astronomical telescopes and are therefore, more handy. (iii) Galilean 
telescope gives erect image but astronomical telescope gives inverted image. For 
this reason, Galilean telescope is more suitable than astronomical telescope for 
terrestrial uses. (iv) The magnifying power and the field of view are very limited 
in the case of a Galilea? telescope than in the case of an astronomical telescope. 
(v) Cross-wires cannot be fitted in a Galilean telescope. So, no measurement 
is possible with such telescope whereas astronomical telescopes can be fitted with 
crosswires. (vi) Common defects observed in an image such as chromatic 
and spherical aberrations can be remedied by using a compound eye-piece in an 
astronomical telescope ; but no such eye-piece can be used in a Galilean telescope. 
Consequently the image seen through a Galilean telescope is not free from the abe- 
trations. 


6.13. Terrestrial telescope ; 


In an ordinary astronomical telescope, the final image is inverted with 
respect to the object. If it is used for any terrestrial purpose, the object will appear 
inverted through the instrument. This, undoubtedly, is very inconvenient. All 
heavenly bodies being spherical, no such inconvenience is caused due to the image 
being inverted because spherical objects when inverted, remains spherical. An 
astronomical telescope with arrangement for erecting the image gives rise to the 
terrestrial telescope. Fig 6.13 with the ray-diagram shows how the image is 
made erect. 


P*-2f— 2f fen 
Fig. 6.13 
In this case, the objective O forms an image PF of the distant object at its 
focal plane, the image being inverted. An additional convex lens L is introduced 
and situated from PF ata distance twice its own focal length (2f). We know that in 
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such a case, the lens L will produce an image P,F, which is erect and of the same 
size as PF and is formed at an equal distance on the other side of the lens L. This 
lens L is called the erecting lens. The eye-piece E is now adjusted to give a virtual, 
erect image at the least distance of distinct vision. The final image is thus erect 
with respect to the object and the instrument may, therefore, be used for terrestrial 
purpose. 


It is to be noted that the function of the erecting lens is simply to erect the 
inverted image PF. As FP and F,P, are of equal size, the lens L does not add 
anything to the magnification of the instrument, which is fo/fe as in the case of 
an ordinary astronomical telescope. But due to absorption and reflection of light 
by the erecting lens, some loss of light takes place which affects the illumination 
of the final image. Further, due to the introduction of the erecting lens, the 
tube length of the telescope is increased by four times the focal length of the erecting 
lens. The tube length of a terrestrial telescope=fy+fe+-4f but that for an astro- 
nomical telescope=fy+ fe. 


6.14. Reflecting telescopes : 


A telescope in which a mirror is used as the objective is called a 
reflecting telescope. The earliest reflecting telescope was invented by Gregory 
in 1663. The most common type of reflecting telescopes are due to Newton 
and Cassegrain. 


(a) Newtonian reflecting telescope: It was invented by Sir Issac Newton 
in 1668. It consists of a curved parabolic mirror C [Fig. 6.14] and a total reflecting 
prism M held at 45° with the axis of the parabolic . 
mirror. When a parallel pencil of rays from a 
distant object is incident along the axis of the 
telescope, they are reflected by the parabolic 
mirror C and the reflected rays tend to converge 
to F which is the focus of the parabolic mirror. 
But before actual convergence, they are intercep- 
ted by the prism M which deflects the rays 
through 90° and the rays come to a focus at F,. 

The image formed at F, is viewed by the 
eye-piece E mounted in a small side tube. The b 
eye-piece is so adjusted that F, coincides. with z 
the focus of the eye-piece. Consequently, the Fig 6.14 
rays coming from F, after passing through the eye-piece emerge as a parallel 
beam. Therefore, a magnified image of the distant object is formed at infinity. 
This sort of focussing is known as focussing for infinity. For ordinary vision, 
the eye-piece is pushed a little towards F;. 

The magnification of the telescope, as in the case of a refracting telescope, is 
obtained from the ratio of the focal length of the parabolic mirror to the focal 


length of the eye-piece. 
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(b) Cassegrain's reflecting telescope : 

The difference between a Newtonian telescope and a Cassegrain telescope 
is that the total reflecting prism M of the former 
is replaced by a convex mirror in the latter. 
Rays from a distant object after reflection from 
a large concave mirror C fall on the convex 
mirror M and are allowed to converge at I. 
The final image is formed at 7 which can be seen 
through the eye-piece E, rays passing through a 
small hole in the concavé mirror. The 200 inch 
Mount Polomar telescope is a Cassegrain type of 
reflecting telescope. 


Fig. 6.15 


6.15. Advantages of a reflecting telescope over a refracting one : 

(i) Reflecting telescopes are free from both spherical and chromatic aber- 
rations. Because the mirror is parabolic, spherical aberration is absent and 
because there is no refraction taking place, the question of chromatic aberration 
does not come in. 

5 > (d) Mounting and manufacture of mirrors are easier than those of lenses 
'of corresponding wide aperture. 

(iii) There is some difficulty of obtaining a large mass of glass free from 
imperfections for the purpose of making an objective ; but for a reflecting tele- 
scope, the problem is a simple one because it needs only a perfect reflecting surface 
which is easily available. 

-6.16. Binoculars : 

— Two Galilean telescopes mounted together with their axes parallel just to 
fit in the two eyes of a man constitute an opera glass or a binocular (Fig. 6.16). 
There is a screw by turning which the 
focussing can be properly adjusted. The 
advantage of having two telescopes assem- 
bled in the above way is to have an idea 
-of solidity of the object under view. 


Since ordinary binoculars have but 
small magnification, they are no longer 
used in field-works i.e. for military opera- 
tions, hunting expedition etc, for which 
prism-binoculars are used instead. In 
a prism binocular, rays coming from the 
objective are allowed to fall on an erecting Fig. 6.16 
prism which reflects the rays so that the rays travel the entire length of the tube. 
They are again reflected by a second erecting prism and finally pass through the 
eye-piece. Since, the rays travel the length of the tube three times, an objective 
of long focal length can be used. This gives a much higher magnification than for 
the same length of the tube without prisms. 


— —— PI 
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Essay type : 
1. Write a short note on human eye. What is accomodation of the eye ? 
2. What are the common defects of vision ? Explain how the defects can be removed 
by spectacles ? 
3. What are short sight and long sight ? What are the reasons of these defects? How 
can they be remedied ? i 
4. Describe the different parts of a photographic camera. Compare and contrast the 
optical arrangements of human eye with those of a photographic camera. [Jt. Entrance 1983] 
5. How can you construct a simple microscope by means of a single convex lens ? What 
is meant by its magnification ? 
6. Describe a compound microscope. Explain, with the help of a neat diagram, how it 
; produces à magnified image. Deduce an expression for its magnification. [H.S. Exam 1980,82] 
7. Prove that the magnification produced by a compound microscope is proportional to 
the tube length. 
8. Describe an astronomical telescope. Drawing a neat diagram, explain how (i) the 
objective and (ii) the eye-piece form an image of a distant object. [H. S. Exam. 1 979] 
9, What is the eye-ring of a telescope ? Find the size and the position of the eye-ring 
in terms of the diameter of the objective and the focal lengths of the objective and the eye-piece 
when the telescope is focussed for infinity. 
10. What is a Galilean telescope ? Explain its action with the help of a ray diagram and 
obtain an expression for its magnification. 4 
11. Describe a binocular. What are its uses ? 
42, State the difference in behaviour between an astronomical telescope and a Galilean 
telescope. What is the difference between à Galilean telescope and a binocular ? 


Short answer type = 
advantage of binocular vision ? What does persistence of vision mean ? 


13. What is the 
14. What do you mean by least distance of distinct vision ? What is its value ? 


15. What do you mean by (i) accomodation (ii) adaptation (iii) near point and (iv) far 


point ? 
16. What is the most common type of defect of visión that old people suffer from ? What 


is the remedy of this defect ? 


17. (i) Street Jamp-posts appear to be shorter the farther they are away, although all are 


of same height. Why does it happen so 

d Gi) When the lights of a brightly lit room are suddenly put out, the people of the room arc 

blinded for & moment. ; 
of each lens being spherical 


18. A person wears bifocal converging spectacles, one surface 
and the other cylindrical. State the defects in his vision and explain how the spectacles correct 
them. 

. Answer the following questions briefly : @ How will you arrange two convex 
ae ek atin 5 cm. and 30 cm. to form an astronomical telescope 1 (0) If it forms a 
clear image of a star, what will be the distance between the lenses ? (c) Why is the aperture 
of the objective lens greater than that of the eye-piece ? (d) What change im the image will 
take place if half of the aperture of the objective lens is covered by à sheet of opaque paper 2 
(e), Which lens of an astronomical telescope forms a real image and which lens a virtual image ? 
(f) Why is the final image inverted ? 


ph 1—11 


162 A TEXT BOOK OF PHYSICS 


Objective type : 
20. Write W for the incorrect statements and R for the correct ones : 
(a) The cones of human eye respond to strong light and cause sensation of colour and 
colour difference while the rods are sensitive to feeble light and movement of objects. 
(b) Concave lenses are used to remedy long sight defect and convex lens for short sight 


(c) The focal length of the eye-piece of an astronomical telescope is longer than that of 
the objective. 
(d) Galilean telescopes are used in binoculars because they form erect images. 
(e) The length of the image of an object formed by the eye is proportional to the visual 
angle subtended at the eye by the object. 


Numerical Problems : 
21. A short-sight man can read printed matter distinctly when it is held at 15 cm. from his 
eyes... Find the focal length of the glasses which he must use if he wishes to read with ease a book 


at distance of 60 cm. [Ans. Concave lens, 20 cm.] 
22. The near-point of a person is at a distance of 200 cm. from his eyes. What spectacle 
should he use in order to read a print 20 cm. way ? [Ans. Convex lens ; f—222 cm.] 


423, The near-point of a person suffering from long-sight is 100 cm. away but the far-point 
is normal. , What type of spectacle should he use to normalise his near-point ? Where will be 
the far-point situated ? [Ans. Convex ; f=33} cm.] 

24. A boy, suffering from long sight, uses spectacles of --1:75 D power to see distant 
objects. What spectacles should he use to read books at a distance of 40 cm. ? [Ans. --425 D] 
25. A certain person can see clearly objects at distances between 20 cm. and 200 cm. from 
hiseyes. What spectacles are required to enable him to see distant objects clearly and what will 
be his least distance of distinct vision when he is wearing them ? 
n [Ans. Concave ; f—200 cm. ; 22:22 cm.] 
26. In order to correct his near point to 25 cm. a man is given spectacles with converging 
lenses of 50 cm. focal length and to correct his far point to infinity he is given diverging lenses of 
200 cm. focal length. Ignoring the separation between lens and eye find the distances of his near 
and far point when not wearing the spectacles. [Ans. near point—50 cm. ; far point=200 cm.] 
1 27. The ratio of the magnifying power of a convex lens used as a simple microscope when 
itis used to throw an image at the least distance of distinct vision to that when itis used to. throw 
an image at infinity is 1-20, If the focal length of the lens is 4*8 cm, find the least distance of 
distinct vision. [Ans. 24 cm] 


1 128. Two conyex lenses of focal lengths 1 cm. and 6 cm. respectively are arranged to form 

a microscope. A small object is placed 1:2 cm. from the object glass. If the image seen appears 
to be 25 em. from the eye-piece what is the distance between the object glass and the eye-piece ? 
( [Ans. 108 cm.] 

.:29.. An astronomical telescope consisting of an objective of focal length 60 cm; and an 
eye-piece of focal length 3 cm. is focussed on the moon so that the final image is formed at the 
least distance of distinct vision (25 cm.) from the eye-piece. Assuming that the diameter of the 
moon subtends an angle of J? at the objective, calculate (a) the angular magnification and (5) 
actual size of the image seen. [Ans. (a)2244 (b) diameter—4-9 cm.] 
30. A simple astronomical telescope is made by two convex lenses of focal lengths 1 ft and 

2 inches. If a man sees the moon with this instrument, what will be the distance between the 
lenses ? [Ans. 13$3inch] 
31.. The focal lengths of the objective and the eye-piece of a compound microscope are 

2 cm. and 7 cm. respectively. How far from the objective an object should be placed so that the 
image is formed at a distance of 25 cm, in front of the eye-piece ? The distance between the 
lenses is 20 cm, [Ans. 2:32 cm.] 


a ae D 
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Harder Problems : 
32. Photographs of the ground are taken from an aircraft flying at an altitude of 2000 
metres by à camera with a lens of focal length 50cm. The size of the film in the camera is 18 cm 


x18cm. Whatarea of the ground can be photographed by this camera at any one time ? 
U.1. T. 1976] [Ans. 0:52 sq. km] 


33. Howrah bridge is photographed from an aeroplane flying at an altitude of 500 metre 
by a camera with a lens of focal length 40cm. On the photograph the length of the bridge appears 
to be 6cm. What is the actual length of the bridge ? [Ans. 75 metre] 


34. A telescope is prepared with a convex lens of 20 cm. focal length as objective and 
another convex lens of 5 cm. focal length as eye-piece. Find the magnification when (i) the eye 
is focussed for paralled rays (ii) the eye is focussed at the least distance of distinct vision at 
25 cm away. [Ans. (i) 4 (i) 48] 

35. The focal lengths of the two convex lenses of a telescope are 30 cm and 3 cm respectively 
and the distance between them is 33 cm. The instrument is focussed at the moon. If the moon 
subtends an angle of 30’ at the objective, find the angle subtended by the image of the moon 
formed by the instrument at the eye of the observer. [Ans. 5°] 

36. An astronomical telescope consists of two convex lenses of focal lengths 60 cm and 
6cm. Find the distance between the two lenses when the telescope is used by a normal eye to 
look at the moon. How much movement of the eye-piece is necessary to focus an object at a 
distance of 12 metre without altering the accomodation of the eye ? [Ans 66cm; 3:13 em] 

37. A small astronomical telescope has an objective of focal length 50 cm and an eye- 
piece of focal length 5 cm. It is focussed on the sun so that the final image is formed at a point 
25 cm. from the eye-piece. If the diameter of the sun subtends an angle of 22! at the objective, 
calculate the angular magnification and the actual size of the image seen. 

Ut. Entrance 1981] (Ans. 12 ; 2/79 cm] 


38. A person adjusted a microscope whose eye-piece has focal length 5 cm. The least 
distance of distinct vision of the person is 25 cm. Another person whose eye-sight is defective, 
adjusted the eye-piece for his least distance of distinct vision, by moving it 5 cm. away. What 
type of defect of vision he has ? What type of lens and of what focal length should he use to 
make his near point situated at 25 cm. ? [Longsight ; f 4-38:9 cm] 

39. A convex lens forms a real image of a small object on a screen placed at a distance of 
50 cm. from the lens. The observer then holds one of its spectacle glasses between the convex 
lens and the screen and 5 cm away from thelens. The screen is now shifted 15 cm nearer to the 
lens to refocus the image. Find the focal length of the spectacle glass . Is the man long or 
short sighted ? [Jt. Entrance 1974] [90 cm ; long sighted] 

40. A compound microscope is composed of an objective and an eye-piece of focal lengths 
0:5 cm. and 1:5 cm. respectively. Assuming that the least distance of distinct vision is 25 cm, 
calculate the spacing required between the objective and the eye-piece in order that the magni- 
fication is 500. [Ans. 16:07 cm.] 

41. The object glass of a microscope has à focal length of 1 inch and the eye-piece of focal 
length +2 inches. The lenses are fixed 4 inches apart and the microscope is focussed on an object 
so as to form a final image at 10 inches from the eye-piece. Calculate the magnifying power of 
the instrument and the position of the object in front of the objective. [Ans. 20 ; 1:5 inches] 


42. The magnifying power of a telescope in normal adjustment is 20 and the focal length 
of the eye-piece is 5 cm. What is the magnifying power obtained when the system is adjusted so 


that the final image of a distant object is formed 25 cm from the eye-piece 1 [Ans. 24] 
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MAGNET AND ITS PROPERTIES 


1.1. Natural magnets and magnetism : 


More than twenty five centuries ago, people knew that a certain form 
of iron ore, now known as magnetite had the property of attracting small pieces 
of iron. These ores were abundantly available in the province of Magnesia 
in Asia minor and the name magnetite probably came from the name of the 
province. The ore ‘magnetite’ is called magnet because it has the property 
of attracting iron. 


The ore is called natural magnet because it is available in nature. The 
property by virtue of which it can attract a piece of - 
iron is called magnetism. Besides attractive property, 

a magnet has also a directive property i.e. a splinter 

of this rock, hüng by a thread, would always set itself 

in the north-south direction. If disturbed, it will 
again come to the north-south position after a few 
to-and-fro oscillations. For this reason, this ore is 
sometimes known as /odestone or leading stone. Long 
ago, the Chinese were said to have discovered this Fig. 1.1 
directive property of the lodestone and they used it 

as à compass for guiding their ships. So, a natural magnet has two distinct 
properties viz. (i) attractive property and (ii) directive property. 

Magnetism, it may be mentioned, is a physical property and not a chemical 
one. When a piece of iron is magnetised, the piece does not undergo any change 
of shape, colour, weight or mass nor any change in the position of the centre of 
gravity. 


1.2. Some important definitions : 


(i) Poles of a magnet : Poles of a magnet are definite regions at the ends 
of the magnet where the attracting power of the magnet appears to be most concen- 


trated,  Thisfact may be demonstrated by dipping 
— a bar magnet into iron filings. On withdrawing 
-the bar from the filings, it will be found that a 


Fig. 1.2 good amount of filings cling together at the two 

ends [Fig 1.2] but almost no filings collect at the middle portion of the bar. 
These points are called poles of the magnet which for all practical purposes 
can be regarded as points somewhere near but not at the end of the magnet. When 
a magnet is suspended freely, a particular pole of the magnet always points towards 
the north and the other towards the south. For this reason, the former is called 
the north-seeking or simply the north pole and the latter the south-seeking or simply 


south pole. 
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(ii) Magnetic axis : The line obtained by joining the poles of a magnet 
is called the axis of the magnet. 

(iii) Neutral line : A line drawn at right angles to the axis of a magnet 
through a point midway between the poles where there is no magnetic attraction, 
is referred to as the neutral or equatorial line of the magnet. 

(iv) Effective length or the magnetic length : The distance between the 
two poles of a magnet is called the effective or the magnetic length of the magnet. 
This length is about 5th of the actual length of the bar. 


1.3. Action of magnetic poles on each other : 

Take a magnetic needle and a bar-magnet with its north and south poles 
marked. Bring the north pole of the bar magnet 
near the north pole of the megnetic needle as 
shown in Fig. 1.3. It will be found that the poles 
are repelling each other. Next bring the north 

S pole of the bar-magnet near the south pole of 
the needle. Attraction will take place. Same 
results will be obtained by similar experiments 

Fig. 1.3 with the south pole of the bar magnet. 


Hence we can conclude that like poles repel each other and unlike poles 
attract. 


1.4. Magnet, Magnetic and Non magnetic substances : 

(1) A substance which can attract metals like iron or steel and always 
points to a particular direction when suspended freely is called a magnet. 

Substances which are attracted by a magnet are called magnetic substances. 
Apart from iron and steel, cobalt and nickel are good magnetic substances. 

Substances which are neither attracted nor repelled by a magnet are called 
non-magnetic substances ; for example, glass, paper, wood etc. 

(2) A magnet has two poles one of which always directs towards the north 
and the other to the south when the magnet is suspended freely. 

A magnetic or a non-magnetic substance has no poles and does not point 
to any particular direction when suspended freely. 

(3) A magnetic substance can be magnetised by a magnet by several simple 
processes but a non-magnetic substance cannot be magnetised. 

(4) A pole of a magnet attracts the opposite pole and repels the similar 
pole of another magnet but a magnetic substance is attracted by both the poles 


of the magnet. 


1.5. Permanent and temporary magnets : 
+» Definition: A permanent magnet is one which, once magnetised, can 
^-retain: its magnetism for a long time. For example, steel or tungsten steel (an 
“alloy of steel and tungsten), once magnetised retains its magnetism for a pretty 
long time. 
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A temporary magnet is one which, once magnetised cannot retain its 
magnetism for a long time. For example a rod of soft iron can readily 
be magnetised and very strongly too, but it cannot retain its magnetism for a 
long time. 


Whenever we intend to mention about permanent magnets, iron and steel 
come to our mind first. But in recent years, a vast range of special magnetic 
alloys had been developed which can serve the purpose of permanent magnets 
very well. Alnico, an alloy of aluminium, cobalt and nickel (1% aluminium, 
20% nickel, 5% cobalt and rest iron) is a good magnet and can be used as a per- 
manent magnet. Also, s/alloy, an alloy of iron and silicon (5% silicon, 95% 
iron), Permalloy, an alloy of iron and nickel (50% iron and 507; nickel), Mumetal, 
an alloy of iron, nickel and copper (22% iron, 73% nickel and 5% copper) are 
good permanent magnets. 


From the above list, it appears that alloys having iron as an ingradient are 
good permanent magnets. But that is not always the case. Manganese and iron 
are magnetic substances, but an alloy made of 12% manganese and 88 % iron is 
found to be non-magnetic. This alloy is called Hadfield manganese steel. 


On the other hand, an alloy may be prepared containing neither iron nor 
nickel nor cobalt yet it exhibits strong magnetism. Conrad Heuslar prepared 
such an alloy by mixing 24% manganese, 16% aluminium and 60% copper. It 
is called Heuslar alloy and it behaves like a magnet. 


1.6. Repulsion is a surer test of magnetisation : 


Take a magnetic needle. Now take a bar to test whether it is magnetised 
or not. Bring one end of the bar close to the north pole of the needle. Jf there 
be attraction, the conclusion is not definite. It may be that the bar is magnetised 
and if so, then the end of the bar in question is a south pole. On the other hand, 
the bar may be a piece of iron which is always attracted by a magnet. But if 
repulsion is observed, the conclusion is definite, because repulsion takes place only 
in the case of two similar poles. Hence the bar is magnetised and the end 
of the bar in question is a north pole. Thus, repulsion is a surer test. of magnetic 
condition of a body than attraction. 


1.7. Different methods for making artificial magnets ; 


A magnetic substance can be converted into an artificial magnet, mainly 
by two methods : (a) method of touch and (b) electrical method. 


The method of touch is, again, divided into three classes ; viz (i) method 
of single touch (ii) method of separate touch and (iii) method of double 
touch. 

G) Method of single touch : Take a suitable rectangular bar of steel which 
is to be magnetised and place it on a table. Bring one pole of a bar magnet in 
contact with one end of the steel bar. Move the bar magnet along the length 
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of the steel bar from one end to the other end keeping the magnet always parallel to 
its first position [Fig. 1.4]. This means that if the magnet is held at an angle of 30°, 
pude tien itisto be kept always inclined at an angle of 30? while 


it is moved along the steel bar. Then lift the bar 
magnet and place it on the first end and repeat the 
rubbing in the same way for severaltimes. Then 
turn the steel bar over so that downside now becomes 
upside. Repeat the rubbing in the similar way for 
several times. The steel bar will be found to be 
Fig. 1.4 magnetised. 


The end of the steel bar where the stroking magnet left it, will be found to 
acquire polarity opposite to the polarity of the stroking pole. Thus if a north pole 
be used for stroking, then the end of the steel bar where it leaves the bar will be 
S-pole and the first end will acquire a north pole: This method develops weak 
magnetism in a bar. 


(ii) Method of separate touch : Place a rectangular steel bar to be magne- 
tised on a table and place two opposite poles of two bar magnets at the middle 
of the steel bar as shown in 
Fig. 1.5. Draw them simul- 
taneously apart from the 
middle to the extreme ends. 
Lift them and place them 
again at the middle in the 
similar way as before and 
repeat the rubbing for several 
times. Turn the steel bar over Fig. 1.5 
and repeat the process. 


1 The steel bar will be found to be magnetised with polarities at the ends 
which are opposite to those of the stroking poles leaving the respective ends. 
The steel bar will acquire stronger magnetisation if the bar is supported on the 
opposite poles of two other bar magnets so that the poles of the lower magnets 
are similar to the stroking poles as shown in the figure. 


(iii) Method of double touch: Place the steel bar to be magnetised so that it 
is supported by the opposite poles of two bar magnets as shown in Fig 1.6. Fasten 
a piece of compressed cork or a 
piece of wood between the oppo- 
site poles of two other bar 
magnets so that the poles are 
kept at a fixed distance apart. 
Place them at the middle of the 
steel bar such that the poles of 

: Fig. 1.6 - the magnets below and those 
of the stroking magnets above are similar. Move them together from the 


MAGNET AND iTS PROPERTIES 171 


middle to one extreme end and then back to the other extrimity. Repeat the 
rubbing several times ending at the middle so that each half of the steel bar is 
rubbed an equal number of times. Repeat the process by turning the steel bar 
upside down. 

The steel bar will be found to be magnetised with polarities at the ends 
opposite to the nearest stroking pole as shown in the Fig. 1.6. Of all the processes 
of rubbing, this method makes the most powerful magnets. 


(iv) Electrical method : Take a bar of steel 
over which is wound a coil of insulated copper wire. (>) 
Instead of a straight bar it may be bent in the form of » 
a horse-shoe [Fig 1.7. When a current is passed 
through the coil of wire, the steel bar will be found 
to acquire magnetism. 

To determine the polarity developed, look at 
oneend of the bar and trace the direction of current S N 
flowing through the coil at that end. If it be counter- (a) Fig. 1.7 (b) 
clockwise, then that end will be a north pole; if it be clockwise, then that end will 
be a south pole as shown in Fig. 1.7 (b). 


; 
A 
Ej 


1.8. Magnets with more than two poles : consequent poles : 


Due to faulty magnetisation, a magnet is sometimes found to have developed 
more than two poles. For example, in the method of separate touch, if both the 
stroking poles are N-poles, then the steel bar will 
US SP develop two south poles at the two ends with a north 
pole at the middle [Fig. 1.8]. The extra pole that is 

developed at the middle is called a consequent pole. 

Fig. 1.8 Thus, if both the ends of a bar magnet show 
repulsion when brought, one after another, near a particular pole (say north 
pole) of a magnetic needle, then it is clear that the bar magnet has acquired 
similar polarities at the two ends and an opposite polarity at the middle. In 
other words, the bar magnet has consequent poles. 


Consequent poles may also develop in a bar due to faulty electrical method. 
Insulated copper wires are wound on a steel bar in such a manner that 
the windings on one half of the bar 
are in one direction while on the other S N S 
half the windings are on the opposite 
direction. If a strong current is now 
sent through the wire with the help ofa 
battery, the bar will be magnetised. 

Looking at the right end of the bar, the Fig. 1.8(a) 

current appears to flow clockwise. So, a 

S-pole is created at that end. Also looking at the left end the current flows 
clockwise, creating again a S-pole at that end. In this condition a north 
pole will be created at the middle of the bar. 
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19. Magnets with no poles : 
If a ring of iron be magnetised by passing electric current through a copper 
wire wound round the ring or by rubbing a magnet round the ring, the ring becomes 


(i) Fig. 1.9 (ii) 


magnetised but it gives no external evidence of the existence of free polarity 
[Fig 1.9 @]. If the ring be cut anywhere, a north pole appears at one cut-end 
and a south pole at the other [Fig 1.9 (ii)]. 


1.10. Magnetic induction : 

We know, that a magnetic substance can be magnetised by friction and 
electric current. There is another simple way of magnetising a substance. It 
has been found that when a piece of unmagnetised steel is placed either near to 
or in contact with a pole of a magnet and then removed, it acquires magnetism. 
This is called magnetic induction. The following experiments will illustrate the 
phenomenon very well. 

Experiments : (i) A steel bar magnet will pick up several small nails, like a 

4 chain from one of its poles (Fig. 1.10). If the 
new N bar magnet be now carefully. removed from 
Fees Py YT S above, the whole chain breaks up. Each nail 

: N attracted the one next to it only as long as 

S the magnet was near and we say that 
magnetism was induced in the nails by the bar 
magnet. 

(i) When a soft-iron nail is dipped in 
iron filings and removed, filings do not cling to 

Fig. 1.10 the nail, But if a bar magnet be held above the 
nail, filings cling to the nail (Fig. 1.11). Filings will, 
however drop down as soon as the bar magnet is A a 
removed. This experiment shows that the nail 
acquired temporary magnetism as long as it 
was in the vicinity of the bar magnet. 

Definition : Temporary magnetism acquired 
by a magnetic substance under the influence of a 
strong permanent magnet is called induced magnetism 
and the phenomenon is known as magnetic induction. Fig, 1,11 
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Now insert a piece of paper, glass or wood in the space between the bar 
magnet and the nail (Fig. 1.11). The iron filings will continue to cling to the 
nail which shows that non-magnetic substances like wood, paper etc. cannot 
disturb or prevent magnetic induction. 


1.11. Nature of polarity in induced magnetism : 

A bar of soft iron may be magnetised by induction. The nature of polarity 
developed at the two ends of the bar may be ascertained from the following ex- 
periment. 

Take a magnetic needle and place a bar magnet along a line perpendicular 
to the axis of the needle and passing through one of its poles as shown in Fig. 
1.4. Adjust the distance between the 
needle and the bar magnet such that 
the needle is not affected by the 
magnet. 

Suppose, S-poles of the needle 
and the bar magnet face each other 
(Fig. 1.12). Now insert a bar of soft 
iron AB between the bar magnet and 
the magnetic needle. The S pole of Fig. 1.12 
the needle will at once, repel. This shows the bar AB has acquired induced mag- 
netism under the influence of the bar-magnet and that the end A has developed 
S polarity. Obviously the end B has developed N polarity. So we see that the 
inducing S pole of the bar magnet has induced opposite polarity i.e. N polarity at 
the nearest end B of the bar AB and similar polarity i.e. S polarity at the furthest 
end A. 

On reversing the bar magnet so that its N pole is nearest to B it will be found 
that the nearest end B has got S-pole and the furthest end A has N pole. 

From this result, we can generalise by saying that the induced pole nearest 
to the inducing pole is of opposite sign and the induced pole furthest from the 
inducing pole is of same sign as that of the inducing pole. 


1.12. Induction precedes attraction : 

We know that a soft iron bar is attracted by a magnet. The reason of this 
attraction is magnetic induction. When the bar is held near the pole of the magnet, 
opposite polarity is developed at the near end of the soft-iron bar due to induction 
and then attraction takes place between these two opposite polarities. There 
is of course, a repulsion between the inducing pole and the induced like pole. 
But the opposite poles being nearer, the attraction predominates over the repulsion. 
This is why it is said that induction precedes attraction. 


1.13. Amount of induction depends upon the strength of the inducing pole : 

Place a soft-iron bar on the edge of a table with some portion of it projecting 
outside. Keep two strong magnets, one over the other, with their like poles 
facing each other and place the combination behind the soft-iron bar as shown 
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in the fig. 1.13. The bar will acquire induced magnetism under the influence 

of the combination of strong magnets and a chain of soft-iron nails will 

be supported by its projecting end. Now slowly 

= ee move away one of the strong magnets. Some of 

BARMAGNET SOFTIRONBAR the nails will be found to drop down. It shows 

that with the decrease of the strength of the induc- 

ing pole, the strength of the induced pole also 
EL s In. 8] decreases. 

Now, reverse the magent that was removed 
earlier. Placing it on the first magnet, bring the 
opposite polarities. closer slowly. [Lower part 
of fig. 1.13]. Remaining nails will be found to 
fall off one by. one. Approach of opposite 

Fig. 1.13 ; polarities means gradual lessening of the strength 
of inducing pole and this also lessens the strength of the induced pole. 

This clearly shows that the strength of the induced magnetism depends on 
the strength of the inducing pole. 


1.14. Amount of induced magnetism : 

The amount of induced magnetism depends on the following factors :— 

(i) Strength of the inducing pole ; greater the strength of the inducing 
pole, the greater is the amount of induced magnetism. 

(ii) The nature of induced material ; under similar circumstances, soft-iron 
is found to acquire greater amount of induced magnetism than steel. Cobalt 
and nickel acquire still less amount. 

(iii) Distance between the induced and the inducing pole ; less the distance, 
the greater is the amount of induction. 

(iv) The medium between the induced and the inducing pole. 


1.15. Change of polarity due to induction : 

Suppose, N-pole of a strong magnet is quickly brought very close to 
the N-pole of à magnetic needle (or of a. weak magnet). According to 
the laws of attraction and repulsion, the similar poles should repel each 
other and the magnetic needle should move away. Instead, the needle 
may very often be seen to be attracted. The reason of this attraction 
is the reversal of polarity of the needle or of the weak magnet due to induction. 
The strong magnet will induce a south polarity on the N-pole of the weak magnet 
and this induced polarity, being stronger will predominate over the N-pole of the 
weak magnet. : The same thing will happen at the other end of the weak magnet. 
In other words, the polarities of the weak magnet under the influence of the strong 
magnet will be reversed and attraction will take place. 

Generally, when the strong magnet is removed, the weak magnet regains its 
own polarity but reversal of polarity, on some occasions, may be permanent. 
This fact should be borne in mind while testing the polarity of a magnet by a 
magnetic needle. The two poles should never be brought closer quickly. They 
should be brought closer slowly from a distance. P 


Wigs 
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1.16. Factors responsible for destruction or weakening of magnetism : 

The following factors are responsible for destruction or weakening of 
magnetism of a magnet : 

(i) If two bar-magnets are left side by side with their like poles facing each 
other, then each pole will induce opposite polarity on the other and the magnetism 
of both will gradually become weak. 

(ii) Induction of earth’s magnetism also weakens the strength of a magnet. 
If, for example, a magnet be suspended at the northern hemisphere with its S-pole 
pointing downward, the earth’s magnetism will induce opposite polarity on it 
and the magnet will gradually lose its magnetism. 

(iii) A magnet becomes weak if it is twisted, hammered or allowed to drop 
repeatedly from a certain height. Soft-iron magnets are affected more than steel 
magnets by such rough treatment. 

(iv) The magnetism of a magnet is weakend if the magnet is heated. It 
loses all its magnetism if it is heated beyond a particular temperature. This 
temperature is known as Curie point. It is different for different magnetic materials. 
Experiments show that curie-point for iron is about 770°C and for nickel 400°C. 
If a magnet be heated to a temperature below the curie-point, it partly loses its 
magnetism but regains it fully when it is cooled to its initial temperature. 

(v) Alternating current is also responsible for demagnetising a magnet. 
The hair-spring of a watch is made of steel. If a watch is brought near a strong 
magnet, the hair spring may be magnetised and in that case, the watch will not 
keep correct time. In order to demagnetise the hair-spring, the watch is held 
near a coil through which alternating current is fed. After some time, the watch 
is removed. It will keep correct time now. 


1.17. Magnetic keepers : 

A bar magnet tends to become weaker with age, due to self- 
demagnetisation which is caused by the poles at the ends trying to induce 
opposite polarities on each other. Similarly, a horse-shoe magnet left 
to itself, tends to become weaker due to the same reason. 

In order to prevent. self-demagnetisation, bar magnets are kept in pairs, 
with their opposite poles adjacent and with small. pieces of soft iron, called 


MAGNETIC KEEPERS 


MAGNETIC KEEPERS MAGNE rune 


Fig. 1.14 Fig. 1.15 
keepers placed across their ends (Fig. 1.14). These keepers become strong 
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induced magnets and form a closed chain of polarity as shown in fig. 1.14. The 
poles at each end of the magnet, are thereby protected against self-demagnetising 
effect. 

In the case of a horse-shoe magnet also, a small piece of soft-iron is placed 
across the poles (Fig. 1.15). Here also a closed chain of polarity is formed and 
the effect of self-demagnetisation is neutralised. 


1.18. Simple identification of magnet, magnetic substance and non-magnetic 
substance : 

Consider three rods A, B and C having identical external appearance and 
colour. One of them is a magnet, other is made of some magnetic substance and 
the third is of non-magnetic substance. How will you identify them without 
taking help of another magnet ? 

Touch each one of them, one by one, with the other two. One of the rods 
will be found which will not be attracted by the other two. Evidently, this rod 
is made of non-magnetic substance. Let the rod be C. The reason is that non- 


magneatic substances are not attracted by a magnet. 
Take the rod, say 4 in hand and touch one of its ends along the length of 
the other rod B. 1f attraction is felt all along the length of the bar B, the bar 
A is a magnet and the bar B is made of magnetic substance. On the other hand, 
if attraction is felt only at the two ends of the bar B, the rod A is made of magnetic 
substance and the rod B is a magnet. The reason is that the attractive force of 
a magnet is the strongest at its ends and feeblest at the middle. 

In this way, the above rods may be identified without the help of any other 


substance. 


Exercises 


1. What are the differences, magnetically speaking between a piece of soft iron, a piece 
of brass and a piece of load stone ? 

2. What are temporary and permanent magnets 2 What is their difference ? What 
are the suitable materials for preparing permanent and temporary magnets ? 

3. "Repulsion is the surer test of magnetisation than attraction” —Explain. 

$ [H. S. Exam. 197 

4. Describe the various methods by which a rod of soft iron may be magnetised. i 

: Ms dk induced seen ? Explain with suitable experiments. 

. Describe a simple experiment to ascertain the nature of the poles developed at the 
ends of a bar due to induction. How would you explain the phenomenon of Bm between 
a permanent magnet and à soft-iron bar ? 

7. Two iron bars are identical in appearance. One is a magnet and one is n 

3 ‘ ot. How cà 
you identify them ? You are not permitted to suspend. either bar as a compass aedi S à 
use any other apparatus. 
8. You are given three bars of exactly identical appearance. You are told t 

$ u : : hat one of 
them is a magnet, the other is made of some magnetic material and the third is made of some aie 
magnetic substance. Without the help of any other thing, how will you identify them ? 


[H. S. Exam. 1980] 
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Short answer type : 
9, What are Hadfield manganese steel and Heuslar alloy ? 

10. What do you mean by consequent pole ? State the reason of its development. 

[Jt. Entrance 1982] 

11. Two iron bars always attract, no matter the combination in which their ends are 
brought near to each other. Can you conclude that one of the bars must be unmagnetised ? 

12. What is the nature of polarities developed by induction ? 

13. A number of soft-iron nails can be suspended, one after another, like a chain from one 
pole of a magnet. But the nails fall off as soon as the magnet is removed: Why ? 

14. How will the strength of induced pole depend on the following factors : (a) strength 
of the inducing pole and (b) the distance between the induced and the inducing poles. 

15. How can you reverse the magnetism of a compass needle ? 

16. Answer the following questions briefly : (a) What are the factors on which the 
induction depends ? (b) N-poleofa magnet may be attracted by the N-pole of a strong magnet. 
How is this possible ? (c) Vertical rods of steel and iron are found to acquire feeble magnetism. 
Why ? (d) What kind of polarities will be developed in such rods in northern hemisphere ? 
(e) Isit possible to have & magnet without poles ? 

17. After magnetising à steel rod, it is found that both ends of the rod repel the north pole 
of a magnetic needle. How is it possible ? 

18. Explain: (i) Pole (ii) Neutral axis (iii) Magnetic length. 

19. Whatis demagnetisation ? How can it take place ? Whatis Curie point ? 

20. The north pole of a strong magnet A is slowly brought near the north pole of a freely 
suspended weak magnet B. How will the north pole of the magnet B behave (i) when the magnet 
Ais far away from the magnet Band (ii) when the magnet Ais very near to the magnet B. 

21. A nail is placed at rest on a smooth table near a strong magnet. It is released and 
attracted to the magnet. What is the source of the kinetic energy of the nail ? 

22. Whatisa magnetic keeper ? Itisfound thata horse-shoe magnet retains its magnetism 
better when a piece of soft-iron is placed across its poles than when there is no soft-iron.— 
Explain the reason. [cf. H. S. Exam 1980] 


23. The Curie-point of nickel is 350°C—Explain. 


Objective type : 
24. Fillin the gaps with suitable words : 
(a) A——magnet is one which, once magnetised, can retain its magnetism for a long time. 


(temporary, permanent, horse-shoe) 


(b) Temporary magnetism acquired by a magnetic substance under the influence of a 


strong permanent magnet is called——magnetism. (permanent, para, induced) 
(c) The ore magnetite is called —— because it has the property of attracting iron. (lode- 


stone, ferromagnet, magnet) 
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MAGNETIC FIELD AND MAGNETIC LINES OF FORCE 


——a 


2.1. Magnetic field : 

The space surrounding a magnet in which magnetic force is exerted is 
called a magnetic field. Theoretically the field extends upto infinity but 
practically it becomes inappreciable after a certain distance. 


2.2. Force of attraction or repulsion between two magnetic poles : Coulomb's 

law : 
Consider two magnetic poles of strength n, and m; respectively at a distance 
r from each other (Fig. 2.1). If they are 


f like poles, they will repel each other but 

(eese odeere a 2OÓ if they are unlike poles, they will attract 
m Mo each other. What is this force of attrac- 
Fig. 2.1 tion or repulsion ? It will be obtained 


from Coulomb’s law. The law states 
that the force acting between two magnetic poles is directly proportional to the 
product of their pole strengths and inversely proportional to the square of the distance 
between them. 


If F be the force, then according to the Coulomb’s law, Foc mm when r is 
1 
constant and Foc a when m, and m; are constants. Combining these two relations, 


m;ns 1 


mm : 
Fo — — or, F=—. —— where p is a constant. 
P u ri 


The constant ‘w depends upon the medium in which the poles are situated 
and is known.as the ‘permeability of the medium. In general, the value of this 


constant is taken 1 for air (strictly speaking vacuum) or for any other non-magnetic 
material. 


2.3. Pole of unit strength : 


From the above equation, we get the definition of a pole of unit strength. 
When F=1 dyne, p=1 (air), r=1 cm. and m,—nm;, then my—m,—1. 

Definition : Jf two identical poles, placed 1 cm. apart in air repel each other 
with a force of 1 dyne, each is said to have unit strength and is called a unit pole. 

According to the above definition of unit pole, two magnetic poles of strength 
m, and m, placed in air will exert a force on each other which is given by 


m.m. 
je lee UD 
ri 


According to the C.G.S. system, a pole of strength 50, for example, means 
that it will exert a force of 50 dynes on a unit pole placed 1 cm. from it in air, 
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2.4. Intensity of magnetic field : 
Definition : The intensity of magnetic field at a point is defined as the force 


experienced by a unit north pole placed at that point. 
What will, therefore, be the intensity at a point, due to a pole of strength m, 
at a distance r from it? If a unit north pole be placed at a distance r, the force on it, 


: v ee DOKL —H oy A E 
according to the art 2.2 is given by, F-——-——, ie the intensity at a 
pr? pre 
distance r is m/pr?. 
It is clear from this expression that the field intensity is different at different 
points in a non-uniform magnetic field. 
The unit of intensity is called Oersted (Oe). Formerly, it was called ‘Gauss’. 
According to the definition, the intensity at a point in a magnetic field is 1 
oersted if a unit north pole placed at that point experiences a force of 1 dyne. 
Similarly, if a pole of strength m be placed in a uniform magnetic field of intensity 
H, the pole will experience a force f=mH. 
It is evident that intensity is a vector quantity. For this reason it is some- 
times called magnetic field vector. 
[Note : ‘Magnetic field strength’ and ‘magnetic intensity’ are synonymous with the intensity 
of a magnetic field.] 
Example 1 : What force is exerted between two magnetic poles of strength 
32 and 36 at a distance 12 cm. from one another in air ? 


Ans. Here, m,=32 ; m3—36 and r=12 cm. 
mm, . „_ 32X36 
2 E (12): 
Example 2:. Two poles, one of which is 5 times as strong as the other, exert 
on each other a force equal to the weight of 80 mg, when placed 10 cm. apart in air. 
Find the strength of each pole. 


=8 dynes. 


We know, F= 


80 80 98x8 
. —80 mg-wt.=— gm-wt. =—— x980 = E 
Ans. Here F mg-wt.—1n gm-w i dynes 5 dynes 


Further m,=Sm, and r—10 cm. ; We know pm 
98x8 SmX ms 
710 . 10x10 
Hence m; =5 X m3—39:48 X 5=197-4 units. 
Example 3 : What is the intensity at a point 10 cm. away in air from a 
magnetic pole of strength 100 units. 


Ans. We know if F be the intensity at a distance r from a pole of strength 


m ub ap) VE P 100 — 
m, then irs Here m=100 and r=10 em. ~. F: 10x10 Ts Oe. 


or, m,=98x16. ~. m,-28 V/2—3948 units. 
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Example 4: Two like poles of strengths 16 and 25 units are placed 9 cm. 
apart. At which point on the line joining the two is the intensity of the field zero ? 


Ans. Since the two poles are like, it is evident that the point should be 
between them and nearer to the pole of less strength. Let the point be at a distance 
x cm. from the pole of strength 16. 


The intensity at the point due to the pole of strength 16-7 
25 
and » DI ” ” » » » » » » » 25—9—3: 
16 25 ue ary hd 
: x? (9—x)? MR anise 
or,36—4x—5x .. =4 cm. 


Hence, the point is 4 cm. from the pole of strength 16 or 5 cm. from the 
other pole. 


Example 5: Two identical magnetised needles, each of mass 4 gm and length 

20 cm are suspended with their south poles together. In equilibrium, the two north 

poles move apart until the distance between them is 4 cm. Find the pole strength 
of each needle. Assume that the poles are concentrated at the ends of the needle. 

[Jt. Entrance 1985] 


Ans. Let m be the pole strength of each needle. The force of repulsion 
2 2 
between the N-poles ="—=”™ [Fi 
poles di Ig [Fig. 2.1(a)]. 


The weight of the needle—4 gm. wt—4 980 
dynes is acting vertically downwards from the 
middle-point of the needle, The distance 
NO=§{NN=2 cm. Since the system is in 
equilibrium, the moments of the forces about 
the point S (say), will be equal to zero i.e, 


m? 
— X 199—4x 980x 1 


16 
[S0—4/400 —4— 19:9 cm.] 
4gm-ut or mà. AX980x 16 
Fig. 2.1(a) ? 19:9 


m=56'14 units (nearly) 


2.5. A freel : f 

moment } reely suspended magnet in a uniform magnetic field: Magnetic 
Consider a magnet NS of pole strength ‘m’ ; 

5 and effective length 2/ 

(Pole to pole distance) suspended freely in a uniform magnetic field af stri H. 

4 ba magnet is left to itself, it will direct itself in the direction of the magnetic 
eld, MVeHoOn OF 


— 
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Suppose, the magnet is deflected through an angle 0 (Fig. 2.2). In this 
position the poles of the magnet will be acted on by 
two equal, parallel but oppositely directed forces 
mH and mH as shown in the figure. These forces 
evidently constitute a couple which tends to bring 
the magnet in its initial position. 

Now, moment of the couple=mH x x 


H mH Hh 


But a^ sin 0 or x=2/. sin 0 


the moment of the couple2mH x 2I sin 0 
..(i) Fig. 22 
So, it is found that when the magnet is deflected through an angle 0 from 
its position of rest, a couple acts on it whose moment—2mlH sin 0. 


Magnetic moment : If 0—90* the moment of the couple—mH x 21 sin 90° 
—2mlH. 

If, further, H—1, the moment=2ml=pole strength x effective length. This 
moment is called the magnetic moment of the magnet. 


Definition : The moment of a magnet (or the magnetic moment) is equal to 
the moment of the mechanical couple required to keep the magnet at right angles 
to a field of unit intensity. 

Example 1 : Calculate the moment of the couple required to i. a bar- 
magnet of moment 200 c.g.s. unit in a uniform field of 0:39 oersted at an angle of 
30° with the direction of the field. [LLT. 1961] 

Ans. We know that moment of the couple required to keep a bar-magnet 
of moment M in a uniform field of intensity H at an angle 0 is MH sin 0. 

Here, M=200 c.g.s. H—0:39 Oe ; 0—30* 

the required moment of the couple — MH. sin 0 
—200 x 0:39 x sin 30? 
—200x 0:39» $—39 dyne.-cm. 


Example 2: A magnetised wire of steel 31:4 cm. long has a pole strength 
of 5 c.g.s. unit. It is then bent in the form of a semi-circle. Calculate the magnetic 
moment of this magnet. [LLT. 1965] 

Ans. Magnetic moment=pole strength x magnetic length. Magnetic length 
means the linear distance between the poles. When the wire is bent in the form 
of a semi-circle, the magnetic length is equal to the diameter of the circle. Now, 
for a semi-circle, the length of the circumference—zr 


mr—3L:4 or AL GE 10 cm. 
T 3:314 


Magnetic moment=pole strength x diameter 
=5 x 2r=5x 20-100 c.g.s. units, 
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2.6. Magnetic moment is a vector quantity : 


Pole strength of a magnet is a scalar quantity but the magnetic length has 
a definite direction viz from the south pole to the north pole. In all cases of 
magnetism, the magnetic axis and hence the magnetic length are attributed with 
the above direction. For this reason magnetic 
moment has also a definite direction from the 
south pole to the north pole ite. it is 
a vector quantity. Like all other vector 
quantities, magnetic moment of a magnet 
may be resolved. or compounded. 
Consider a bar magnet SN of magnetic 
moment M [Fig. 2.2 (a). The moment may 
Fig. 2.2(a) be resolved along any two perpendicular 
directions, say OA and OB. If OA is 
inclined at an angle 0 with the axis of the magnet, the component along 
OA=M cos 0 and the component along OB=M. sin 0. We may now 
consider as if the magnet SN is absent and instead there are two magnets of moments 
M cos 0 and M sin 0 respectively in the positions OA and OB. 


2.7. Intensity of magnetic field due to a bar-magnet : 


We shall discuss the intensity of magnetic field due to a bar-magnet in two 
standard positions viz (i) end-on position or axial position and (ii) broad-side on 
position or equatorial position. 

(i) End-on position or axial position : 


: NS is a small bar-magnet having length 2/ and pole strength]m. A point P 
is taken along the axis of the bar magnet at a distance d from the centre O of the 


<---2] ---> 
8 20 )38 


mne nem ML ——* 

m | m ACERA 
i LI 
NU Duo nuc X 


Fig. 2.3(a) 


magnet [Fig. 2.3 (a)]. The position of P is called the end-on or the axial position. 
We are to find out the intensity at P due to both the poles of the bar-magnet. 


From the definition of intensity, we know that if we place a unit north pole 
at P, then the force experienced by it due to the bar-magnet NS will be the intensity 
at P. Now, the force of repulsion F, exerted by N-pole of the bar-magnet on the 


mxl «m 

(PE qr 

Again the force of attraction F, exerted by the S-pole of the bar-magnet on unit 
GULL m 

GPP GFP 


unit north pole situated at P is given by, F,— 


north pole situated at P is given by, Fy 
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Since, the forces F, and F, act along the same line but in the opposite directions 
and since N pole is nearer to P, we have, FF». 
So, the resultant force on unit pole at P—F; — Fa 
m m 4m.l.d. ld. 2M.d 
Sa- qu E P 
where M=2 m./=magnetic moment of the bar-magnet. 


2 M.d F 
T weet A nE je 
he magnetic intensity at P is given by, F Bj T-P (i) 


If the bar magnet is small and the point P is taken at a long distance away, 
dl, so that 1? may be neglected compared to d*. 
2M.d._2M 
m COS 
(ii) Broad-side-on or equatorial position : 

As before NS is a bar-magnet, having length 2/ and pole strength m. P is 
a point at a distance d from its centre on the 
perpendicular drawn on the axis of the bar-magnet 
through the centre [Fig. 2.3 (b). The position 
of P is called the broad-side on or the equatorial 
position. We are to find the magnetic intensity 


at P. Let us suppose that a unit north pole is 
placed at P. 


In that case, F— 


(ii) 


Now, the force of repulsion F, on the unit 
pole exerted by the N-pole of the bar-magnet is 


nes acting alon PA. 
E (P (PN)? g 
3 | ee Sen omm 
_ Also, the force of attraction F, on the unit 
pole exerted by S-pole of the bar magnet is Fig. 2.3(b) 


=> > > 
Rs acting along PB. Since PN=PS, we have F,—F, Let PA and PB 


represent, in magnitude and direction, these two equal forces. Then, the 
—- 


diagonal PC of the parallelogram PACB will represent the resultant force, F. 


Now, A’ APC and PNS are similar ; so EC NS or ES be 2 
PA PN m|(PN)} PN 


2ml M 
FN EN where M=2 ml=magnetic moment of the bar- 
magnet. But, (PNy-(dLP) +. F= M a 


(9-1 
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If the magnet be small and the point P is taken at a long distance away 

dl, so that /? may be neglected in comparison with d? In that case, 
M i 
yr? ds (iv) 

Comparing equations (i) and (iv), we can say that the intensity due to a 
small bar-magnet at an end-on position is twice that due to the same magnet at 
broad-side on position at the same distance. 

Example 1 : The ratio of the intensities of magnetic fields at two points 
situated at distances 10 cm. and 20 cm. from the centre of a magnet along its axis 
is 12:5 : 1. What is the length of the magnet ? 

Ans. The magnetic intensity at an axial point due to a bar-magnet is given 
. 2M. 
(d2 — 12)? 
When d=10 cm; A= 


by, 
2Mx10. | 20.M 
(100—172? (100—733 
2Mx20 40.M 
(400—129 (400-12 
F, 20M (400—/?)? — (400 —12)* 
F, (00-2? 40M . 2000—Py 


When d—20 cm. F,— 


` (400-1923 .. 
According to the problem, 10-57 12:5 
(400—/?)? 400—172 
Neid Sas s DAT a 
aom TO so oTt 


Taking--sign, 400—/2—500—5/? or 42=100 ~. l=5 cm. 
So, the length of the bar-magnet=5 x 2=10 cm. 

Taking —sign, 400—/?= —500+-5/? or, 612=900 ~. 1—54/6 cm. 

So, the length of the bar-magnet—54/6 x 2=24-4 cm. (nearly) 

Example 2: Two short magnets of magnetic moments M, and M, are fixed 
on a table as shown in fig. 2.4. What will be the direction and magnitude of the 
magnetic field produced by these magnets at the point P ? M,=2700 c.g.s. units ; 
M3-53200 c.g.s. units; d,=30 cm. d,—40 cm. [L.LT. 1976] 


Ans. The point P is situated on the broad-side on position (or equatorial 

E, position) with respect to both the magnets. Now 

S p ç the field intensity at P due to the magnet of moment 
1 


M, is given by ko and it acts parallel to the 
1 
length of the magnet [Fig. 2.4]. Similarly, the field 
N 1 intensity F, due to the other magnet is d and 
4 2 
it acts parallel to the length of the second magnet. 
Since the two intensities are at right angles to 
Fig. 24 each other, the resultant field F is given by 
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J/ MN, [M 2700 \2 7/3200)? 

FHV F2+F,2= ( ef =4 ) 

v PHF dU ‘) +(%) (10x) +(e 
=Y o 74-0112 Oe. 


If the testant field m in a direction making an angle 0 with the direction 
M,/M, 3200 . 27000 
of F,, then ta o fe Bi. ey delia M e E E Tr dcl 
i» then tan 0-7" = 1g i3 64000 270 ! mc 
Example 3: The poles of a bar-magnet, each of strength 14:4 units, are 
30 cm. apart. The bar-magnet is pivoted without friction at the centre of the bar. 
The bar has been kept inclined at an angle of 30° to a magnetic field of intensity 
0:25 Oe by the application af a force Fata point 12 cm. away from the pivot 
perpendicular to the axis of the bar. Find the magnitude of the force. 


Ans. AB is the bar-magnet. It is pivoted at O, the middle point of the bar. 
H is the direction of the magnetic field 
[Fig. 2.5]. The two poles will experience 
forces mH and mH in the opposite directions. 
The force F is applied perpendicular to the 
magnetic axis AB at C, 12 cm. away from O. 
Since the bar is at rest, the algebraic sum of 
the moments of all the forces about any point 
will be zero. Hence taking moments about O 
mH x EO--mHx GO— Fx CO=0 
or mHI cos 30?--mHI cos 30°=Fx 12 
[40=BO=/] 


or 2x 144x0-25x 15x Fx 12 
or 544/3—Fx12 or F=7-78 dynes (nearly) 


2.8. ‘Two poles of a magnet are of equal strength : 


We can show, by the following simple experiment, that the poles of a 
magnet are of equal strength. 

Place a bar-magnet on a piece of cork and float it in water. The bar-magnet, 
after a few oscillations, will point towards north and south. If the magnet be 
slightly disturbed, it will rotate a little but will not move sideways and will finally 
come back to the initial north-south position. This shows that the magnet is 
acted on by a couple instead of a single resultant force, because we know that a 
couple produces rotational motion while a single resultant force produces a 
translational motion. Suppose, the two poles of the magnet are of strength m and 
m'. Since the magnet is freely floating in the earth's magnetic field, the forces 
acting on the poles are mH and m'H, where H is the horizontal intensity of the 
earth's magnetic field. 

Since a couple is constituted of two parallel, equal but oppositely directed 
forces, it follows that mH=m'H i.e. m=m'. Hence, the two poles of a magnet 
are of equal strength. 
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2.9. Magnetic lines of force : 


By the following simple experiment, it can be shown that the magnetic force 
in the field of a bar magnet acts along a particular direction. 


Experiment : A bar-magnet NS rests on the edge of a glass trough con- 
taining water. Float a magnetised knitting needle vertically in water on a fairly 
large piece of cork with its z-pole projecting a little 
out of the water. When the needle is held near the 
N-pole of the magnet and then released, it is repelled 
and travels towards the S-pole along a curved path 
ll cork (Fig. 2.6). If the needle is released from the same 
i MAGNETISED point, it will move along the same curved path repea- 
"uos tedly, but when released from different points, it will 
follow different paths (shown by the dotted lines in 
the figure). If the experiment is repeated with the 
S-pole of the needle uppermost, it travels along the 

Fig. 2.6 same path but in opposite direction i.e. from S-pole 
to N-pole. Such paths in a magnetic field are known as /ines of force. 

Clearly, the direction of the force along a line of force depends on the pole 
on which it acts and one of these directions has to be chosen as a standard direction. 
The usual convention is to choose the direction of theforce on a north pole and 
accordingly an arrow-head is put on each line of force. 


Definition : A line of force is defined as a line in a magnetic field along which 
an isolated north pole would move if free to travel and it is such that the tangent 
drawn at any point on the line gives the direction of the resultant force at that point. 

Since the poles of a magnet are of equal strength, the N-pole is urged along 
a line of force in one direction while the S-pole is urged with an equal force in the 
opposite direction. The result is that a small magnet (say a compass needle) 
sets itself along the line of force without any bodily motion in any direction. 


It has been pointed out earlier that a line of force starts from N-pole of a 
magnet and terminates on the S-pole. From this it may appear as if the line of 


Fig. 2.7 


force is a discontinuous line. As a matter of fact, it is not ; it is supposed to exist 
inside the magnet too and its direction inside the magnet is from south to north 
pole [Fig. 2.7]. So, a line of force is a closed curve. 
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2.10. Properties of magnetic lines of force : 


In order to explain different magnetic phenomena, the following properties 
are attributed to the lines of force : 

(i) A line of force emerges from the north pole of a magnet and terminates 
on the south pole. £7 

(ii) Each line of force has a tendency to contract longitudinally like a stretched 
elastic thread and they exert lateral pressure. 

(iii) No two lines of force cut each other ; because in that case there would 
be two directions of resultant magnetic force at a given point which is not possible. 


(iv) Lines of force emerge normally from a north pole and enter normally 
into a south pole. 


2.11. Pictures of lines of force due to some permanent magnets : 

The nature of lines of force produced by a few permanent magnets is 
shown in the adjoining diagrams. 

Fig. 2.8(i) shows the lines of force due to a single, isolated pole, if available. 
The lines of force are radial with the pole at the centre. 


Figs. 2.8 (ii) and 2.8 (iii) illustrate the lines of force due to a bar magnet and 
a horse-shoe magnet respectively. 


Fig. 2.8 X 
How the lines of force are produced when two unlike’ and like poles face 
each other are depicted in the figs 2.8 (iv) and 2.8 (v) respectively. 


Two bar magnets with their axes parallel : 


Fig. 29 (i) shows the lines of force due to two bar magnets placed with 
their axes parallel and with their unlike poles near each other. Note that a neutral 


point (x) appears on the perpendicular bisector of the axes equidistant from the 
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axes of the bar magnets. Fig. 2:9 (ii) shows the lines of force due to two bar 
magnets placed with their axes parallel and with their like poles near each other. 


Fig. 2.9 Gi) 
Here two neutral points (x and x) appear on a line equidistant from the axes of 
the magnets. 


2.12. Lines of force due to a uniform magnetic field : 


In a uniform magnetic field, the intensity is everywhere the same and 
unidirectional. Hence, the lines of force of such 


We sj a field are all straight and parallel lines. If a 
Mna E compass needle be placed in such a field, it will 
Mk set itself in the direction of the field everywhere. 


v 
tu 
= : 

ag ; Since the magnetic poles of the earth are far 
E? ; away from each other, the field due to the earth’s 
2S Ne ne POLE magnetism at a locality is considered to be uniform. 
E M Hence, if lines of force are plotted when no magnets 
Sa GEO. N-POLE are in the vicinity, a series of parallel straight lines 
i are obtained directed approximately from south to 
Fig. 2.10 north geographically (Fig. 2.10). These lines 


represent the earth’s magnetic field in a horizontal plane. 


2.13. Mapping of lines of force : 


Magnetic lines of force may be mapped in two ways :— (i). By iron filings 
and (ii) By compass needle. 

(i) Iron filings method : Fix a thin sheet of paper on a drawing board by 
means of board pins and place a bar-magnet at the centre of the paper [Fig 2.1 1(i)]. 
Sprinkle some iron filings on the paper around the magnet and slightly tap the 
board. It will be found that filings have arranged themselves in a particular 
pattern. Due to inductive action of the bar magnet, each filing becomes a minute 
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magnet and sets itself in the direction of the lines of force. Tapping: of board 
facilitates the filings to arrange themselves. 


Fig. 2.11 (i) 

To get a permanent picture of the lines of force, a thin and uniform coating 
of paraffin is to be given on the paper beforehand. When the coating becomes 
cold, the filings are to be sprinkled. When the filings have arranged themselves 
along the lines of force, the paper should be heated a little. Due to heat, wax 
will melt and the filings will be embeded in the wax. When the paper cools, the 
wax solidifies and we get a permanent picture of the magnetic lines of force. 

(ii) Compass needle method : ` Here also, the bar magnet is placed at the 
centre of a piece of paper fixed on a drawing board and its outline is drawn. A 
small compass needle is placed very close 


to the N-pole of the bar-magnet. After C (xS 

a few oscillations, the compass will come S 7 

to rest pointing at a particular direction. B v O 
Its two ends A and B are then marked by _ D 


putting two dots on the paper. [Fig 2.11. ( <>» AS i 
(i)] When a compass needle is placed WJ (N s] 
freely in a magnetic field, it sets itself in the 

direction of the tangent to lines of force Fig. 2.11(ii) 

there. Since the compass needle is very 

small, it may be assumed that its axis has been set along the lines of force. So, 
the small line obtained by joining A and B gives the line of force at the position. 
Now shift the compass needle so that the first end of the compass is placed on B. 
Another mark C is then put on the other end of the compass needle. Repeat the 
process until the line traced out returns to the magnet. A smooth curve is drawn 
through the points obtained. In this way, other lines of force can be drawn so 
as to fill up the whole field. Fig. 2.12(a) and (b) show such mapping of lines. 


2.14. Change of lines of force of a bar magnet due to earth’s magnetic field : 


The lines of force discussed in art 2.10 are due to one single magnet or due to 
two magnetic poles. Effect of earth's magnetism was not considered in those cases. 
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As a matter of fact, the pattern of lines of force changes on account of earth’s 
magnetism. The resultant pattern of lines of force when a magnet’s field is added 
to that of the earth depends on the direction in which the magnet is placed. 


() Fig. 2.12(a) shows the resultant field when a magnet is lying with its 

axis in the magnetic meridian and its N-pole pointing north. From the figure 
: it is seen that the lines of force at right angles 

| to the length of the magnet and at a distance 

from it are all parallel and almost straight, but 

those nearer to the magnet are parallel and 

x x curved. It shows that the distant lines of force 

are due to the earth’s field while the nearer ones 

are due to the magnet’s field. Further, two 

points (marked with a cross sign) are available 

on equatorial line and at equal distances from 

Fig. 2.12(a) the magnet where there is no line of force. 

Those points are called neutral points. At the neutral points the earth’s field and 
the magnet’s field are exactly equal and opposite and the resultant field is zero. 


Definition : A neutral point is defined as a point at which the resultant magnetic 
field due to a magnet and the earth’s horizontal magnetic field is zero. 


At the neutral point F=H or e NA where d is the distance of the 
: (d? a [?)2 
neutral point from the centre of the bar magnet. If the bar magnet is short, 


M 

mH 

, (ii) Fig. 2.12 (b) shows the resultant field when the magnet is lying with 
its axis in the magnetic meridian and its S-pole 


pointing north. In this case, the neutral points 


are situated on the axis of the magnet and they <a> 
are equidistant from respective poles. In the 
diagram, the neutral points are marked with 
a cross sign. 

At the neutral point F=H or AME EX 

(d2— 1)? H, 

where d is the distance of the neutral point 
from the centre of the bar-magnet. X 


If the bar magnet is short, MLH. 


E "Rss i Fig. 2.12(b) 
xample ne : A bar-magnét 8 cm. long is placed in a horizontal plane along 
the magnetic meridian with north pole pointing north. Neutral point is rk t 
to be situated at a distance 5 cm. from the centre of the: magnet E 4 s founa 
horizontal intensity be 0:346 Oe, find the pole strength of the ow eedi 
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Ans. As the magnet has its north pole pointing north, the neutral point 
will be situated at an equatorial position, where the intensity is given by 


M M 
pe uu ta eni M 5M [|—8/2—4 om] 


If m be the pole strength, M=2.m.l.=8 x m 
According to the problem. F—0:346 Oe. 
8xm 262:5x 0:346 
"O0346—— — i = 
262-5 s 8 
Example 2 : A small magnet is kept in the magnetic meridian with north 
pole pointing south. Neutral point is found along the axis of the magnet at a distance 
24 cm. from the centre of the bar. What will be the intensity at a distance 20 cm. 
north of the south pole of the magnet ? H=0:18 Oe. 
Ans. As the neutral point is on the axial position, we can write 
F= M or 018—2M ` M-0:09x Q4) 
a QUE ot. 


If F, be the intensity at a point distant 20 cm. at the end-on position, 


=11-4 units. 


(20)? (20)? 

Example 3: The two poles of a bar-magnet are 10 cm. apart. It is placed 
in the magnetic meridian with its north pole pointing south. A neutral point is 
obtained at a distance of 20 cm. from the nearer pole. What will be the resultant 
field intensity at a point 10 cm. from the centre of the magnet and on the perpendi- 
cular bisector of the magnet ? H—0'4 Oe. 

Ans. If P be the neutral point, the field intensity (F) there will be equal to 
H, the horizontal component of earth's 
magnetic field. Since the north pole of 
the bar magnet points south, the neutral 
point P is situated along the axis 
of the magnet [Fig. 2.13]. Now field 
intensity F at an axial point is 

, 2x2mlxd 
= E 

Here, 2/=10 cm; d—204-5—25 cm ; 
So, field intensity at P is 
2x10xmx25 20x25xm 


ES C-O (30x20)? 
20x25xm 0:4 x 600 x 600 $ 
20x25xm 9. alba A RSE 
Sd aor eee 20x25 ae 


Again at the point Q on the perpendicular bisector and at a distance 10 cm. 
from the centre of the magnet, the field intensity is given by 
M 2ml 288 x 10 288 x 10 —207 Oe 


Fosuni = 


aË qne «merce: P5X5v$ 
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2.15. Magnetic screen : 

If a soft iron ring be placed in the magnetic field of a bar-magnet or 
between the poles of two magnets facing each other, all the lines of force are 
found to pass through the ring and no lines cross the space inside. The inside of 
the ring is, therefore, protected against any magnetic effect and a magnetic 
needle placed there will remain undisturbed. 

When a magnetic needle is held in front of a pole of a magnet, the needle 
is deflected but if a sheet of soft iron be interposed between them, the needle remains 
undeflected. The reason is that the lines 
of force pass through the sheet (Fig. 2.14) 
and can not extend on the other side. For 
this peculiar behaviour of soft-iron, the 
ring or the sheet mentioned above, is called 
a magnetic screen. 

Magnetic screen is put to practical 
use. For example, delicate measuring 
instruments like galvanometers etc. which 
are liable to be affected by stray external 
magnetic fields can be protected by a 

Fig. 2.14 magnetic screen. Costly wrist watches 
are given a soft iron ring round it to make it ‘magnet-proof’, 


Exercises 
Essay type : 
1. State Coulomb's law relating the forces acting between two poles and hence define 
unit magnetic pole. What do you mean by intensity of magnetic field ? 


[H S. Exam. 1978, '80] 
2. What do you mean by magnetic field ? What is meant by the intensity at a point in 
a magnetic field ? How does the intensity at a point depend on the distance of the point ? What 
is its unit ? e 
3. How will you prove that the poles of a magnet are of equal strength ? 
IH. S. Exam. 1980) 
4. Calculate the moment of the couple acting on a magnet which is suspended freely in 
a uniform magnetic field. Hence define the magnetic moment of a magnet. 
5. What do you mean by magnetic lines of force ? State the properties of lines of force. 
[H. S. Exam. 1982} 
6. How would you shield a small magnetic needle from the influence of earth's magnetism ? 
Draw a neat diagram and show the lines of force. 


7. Find the intensity (i ata point along the axis (i) ata point on the perpendicular 
bisector of the axis of a bar magnet. 


Short answer type : 


8. Write, in brief, what you know about the following :—(i) Magnetic field, (ii) Magnetic 
lines of force. [H. S. Exam. 1978] (iii) Neutral point. 


9. A compass needle always sets in one particular direction at any given place in a magnetic 
field but sets in different directions when placed at different places. What is the reason of it ? 
[Hints : The magnetic field directions are different at different points.] 


=n JE 
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10. Indicate the pattern and the direction of the lines of force in the following case :— 
(i) an isolated single pole, (ii) a bar-magnet, Gii) two like poles facing each other. 

11. Draw the lines of force around a bar magnet kept along the magnetic meridian with 
(i) its N-pole pointing north and (ii) its S-pole pointing north. Mark the neutra! points 
in each case. [H. S. Exam. 1979] 

12. (a) Itis found that the neutral points lie along the axis of a bar magnet kept 
onatable. Whatis the orientation of the magnet with respect to the magnetic meridian ? 

: [LLT. 1974] 

(b) Draw lines of force around two bar magnets placed with their axes parallel when (i) 
their like poles are near to each other (ii) their unlike poles are near each other. Also locate 
the neutral points in both the cases. 

13. The material of the bob of a simple pendulum is iron. If a magnetic pole is situated 
just below the bob, how will the time-period be affected ? Explain with reason. 

[H. S. Exam 1984] 

14. A south pole and a north pole are facing each other and a ring of soft iron is placed 
between thetwo. Draw the pattern of lines of force before and after the placement of the ring. 

15. How can sensitive instruments be protected against sudden external magnetic field ? 
What is a ‘magnet proof’ watch ? 

16. Define lines of force due to a magnet. What are their properties ? What is neutral 
point ? 

17. A magnetic needle is floating ona piece of cork in the steady water of a lake in northern 
hemisphere. Will the needle slowly move with the cork towards the north of the lake ? 

[Hints : No ; the magnetic north pole of the earth will exert equal but opposite forces on 
the two poles of the needle. So the needle will remain at rest.] 

18, A magnetic wire has a length 2/ and pole strength m. If the wire is broken into two 
equal parts, what will be the magnetic moment of each part ? 

19. A bar magnet is fixed rigidly with its axis parallel to the magnetic meridian. Another 
bar magnet is kept parallel to the first one at such a position that their centres lie on their per- 
pendicular bisector. If the second magnet is free to move, state whether it will have (i) a 
linear motion (ii) a rotational motion (iii) both kinds of motion. U. I. T. 1977] 


Objective type : 

20. (a) Two lines of force do not intersect each other because () they contract longi- 
tudinally like a stretched elastic thread, (ii) two directions of magnetic field at a point are 
available which is absurd, Gi) lines of force are closed curves. Which is correct 1 

(b) A compass needle placed at a neutral point may set itself at any direction because 
(i). there is no electric field at that point, (ii) only earth's magnetic field acts at that point, 
(ii) the resultant field at that point is uniform. Which is correct ? 

(c) Thefield strength at a distance4 cm. from a single pole ofstrength 32unitsis (i) 8 Oe, 


(i 20e, ii) 160e. Which is correct ? 


Numerical Problems ; 
21. Two identical thin bar magnets each of length I and pole strength m are placed at right 
angles to each other, with the north pole of one touching the south pole of the other. Evaluate 
LLET. 1967} 


the magnetic moment of the system. f ‘ 
[Ans. 4/2 ml. making 45° with the axis of any magnet.) 


22. A magnet 8 cm. long is placed in a magnetic field of intensity H —0-18; its pole strength 
is 5. Calculate the moment of the couple required to deflect the magnet at right angles to the 
direction of the magnetic field. [Ans. 7:2 units] 

23. The strength of two magnetic poles are 40 and 60 and they are at a distance of 10 cm. 
in air. What is the force acting between the poles ? [Ans. 24 dynes} 


Ph. II—13 
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24. A magnetic pole is eight times stronger than another pole and they exert a force of 
500 mg-wt upon each other when separated by distance 10 cm. inair. Find the strength of each 


pole. [Ans, 78 ; 624] 
25. Find the intensity of magnetic field at a distance of 5 cm. from a magnetic pole of 
strength 100 units ? [Ans. 4 units] 
26. Two identical poles are 10 cm. apart in air. Calculate the strength of each pole if 
the mutual force of repulsion between them be 81 dynes [H. S. Exam. 1982] [Ans. 90 units] 
27. Two magnetic poles of strength 16 and 25 units are 9 cm. apart. At what point on 
the line joining the poles will the field intensity be zero ? [Ans. 4 cm. from 16 unit pole] 


> 28. Two north poles repel each other with a force of 2:5 dynes when their distance apart 
in air is 2cm. What should be the distance between them when the force is 3*6 dynes ? Find 
also the repulsive force when the distance between them is 5 cm. [Ans. 1:66 cm. ; 0-4 dyne] 


29. Find the intensity of magnetic field at a point 20 cm. from the centre of a magnet of 
length 10 cm. and pole strength 50 unit, situated on the axis of the bar-magnet. 

- [Ans. 0:142 Oe (nearly)] 

30. A bar-magnet has its two poles separated by 10 cm. It is kept in the magnetic meridian 

with its north pole pointing south. Neutral point is found at a distance 20 cm. from the nearest 

pole. What will be the resultant intensity at a point on the perpendicular besector and at a distance 

of 10 cm. from the centre of the ba ? H=0-4 Oc. [Ans. 2:07 Oe] 


31. The ratio of intensities at two axial points at distances 10 cm. and 20 cm. from the 
centre of a bar-magnet is 18:1. Find the length of the magnet. 

[Ans. 12:64 cm. or 23:9 cm.] 

32. Two short bar-magnets of moments 108 and 192 units are placed along two lines 

perpendicular to each other. Find the intensity at the point of intersection of the lines, centres 

of the magnets being 30 and 40 cm. from this point. [Ans. 0:01 Oc] 


Harder Problems : 
———— 


33. A magnetic wire of moment M is bent in the form of L. If the two arms of the bent 
wire are 6cm and 4 cm, find the new moment. [Ans. 0°65 M (nearly)] 


34. The magnetic moment of a magnetised steel were of length/is M. If the wire 


is now bent in the form of a semicircle, show that its persent moment is zu ^ 
if T 


^35. A bar magnet is placed horizontally in the magnetic meridian with its south pole 
towards the north and at a point distant 10 cm. from the south pole, the resultant field strength 
is zero. If the distance between the poles of the magnet is 10 cm, and the value of the horizontal 
field due to the earth is 0-2 Oe find the pole strength of the magnet. 
Ut. Entrance 1981] [Ans. 33-7 (nearly)] 
. 36. A bar magnet of magnetic length 12 cm. and pole strength 25 c.g.s. unit is placed along 
the magnetic meridian at à place with its N-pole facing the north. If the horizontal component 
of earth's magnetic field at the place be 0:3 Oersted, obtain the positions of neutral points. 
[Jt. Entrance 1982] [Ans. 8 cm. away on the perpendicular bisector] 
37. A neutral point is found on the axis (extended) of a bar-magnet at a point 7 cm from 
the nearer pole. The poles of the bar-magnet are 4 cm apart. and the horizontal component of 
earth’s magnetism is 9:36 Oe. Estimate the pole strength of the magnet. 
(Jt. Entrance 1979] [Ans. 29-65 unit] 
38. The poles of a bar-magnet are 10 cm. apart and the moment of the magnet is 1000 unit 
A north pole of strength 200 units is kept on the axis of the bar magnet at a distance 25 cm from 
the centre of the bar. What force will the bar-magnet exert on the pole ? [Ans. 27:7 dynes] 


39. A magnetic needle of moment 900 unit and pole strength 50 unit is so pivoted that 
it can freely rotate in a horizontal plane. The horizontal component of earth’s magnetic intensity 


— 
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is 0:36 Oe. The magnetic needle is kept at rest inclined to the magnetic meridian at an angle 
30° by pulling a thread towards east, which is fixed to the needle. What is the tension in the 
thread ? What is the length of the needle ? [Ans. 2078 dynes; 18 cm.] 

40. In order to keep a magnet inclined to 30° with the meridian of a uniform magnetic 
field of intensity 0:362 Oe, a couple of moment 2896 dyne-cm is required. Calculate the 
magnetic moment of the magnet. [Ans. 16x 10? units] 

41. When two magnetic poles of different pole-strengths are placed 4 cm. apart, the force 
acting between them isi dynes. The difference of their pole strengths is 3 units. Determine 
their pole strengths. [Ans. 7 and 4 units] 

42. Two short magnets of magnetic moments M, and M; are fixed on a table as shown 
in fig. 2:15. M,=2700 c.g. 5 M,=4000_ units ; 
d,=30 cm; (i) What should be the distance 
d, such that P is a neutral point ? (id Indicate 
on a diagram the N and S poles of the magnets 
(Horizontal component of the earth’s field=0°3 c.g.s. 
units) U. I.T. 1976) 

[Ans. (i) 20 cm. when the north poles of Mı 
and My are facing north. (ii) 15:54 cm. when. the 
north pole Mı is facing south but the north pole of Mz 
is facing north] 

43. Two bar magnets M, and M; are of equal length. The pole strength of Mı is twice 
that of Mə. They are set at right angles to each other with their z-poles in contact. If the 
combination is floated on a piece of cork, find the angle that M; will make with the meridian in 
equilibrium. [Ans. 26:5* (nearly)] 

44. Two magnets of equal mass are joined at right angles to each other. Magnet NiSy 
has a magnetic moment 3 times that of Nas. The arrangement is pivoted so that it is free 
to rotate in the horizontal plane. What angle the magnet NS; will make with the magnetic 
meridian when the system comes to rest ? U. I. T. 1975] (Ans. tani] 

45. Three small magnets have their centres at the corners of an equilateral triangle ABC. 
and are free to rotate about their centres. The magnet at A is in equilibrium under the action 
of the magnets at B and C with its length parallel to BC while the lengths of the magnets at B 
and C are perpendicular to AB and AC. Prove that under this condition, the moments of the 
magnets at B and C are equal. ; 
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MOLECULAR THEORY OF MAGNETISM 


3.1. Isolation of a single pole is impossible : 
A magnet, artificial or natural, has two poles. It is not possible to isolate 
one pole of a magnet from the other. If a bar magnet is cut into two, it is found 
that a new pole now exists near each cut- 
oe end, opposite in kind to the pole at the 
[ other end of the piece (Fig. 3.1). No 
NI iz apenas) matter how many times the cutting process 
w is carried out, this is found to happen 
rem Lee He Sl always ; it is impossible to have a piece 
i] of steel with only one pole on ite This 
Fig. 3.1 suggests that when the limit is reached in 
such a cutting-up process, each piece would still be equivalent to a bar-magnet 

having two poles. 


3.2.. Theory of magnetism : 

From the preceding article we come to know that if the process of 
cutting-up of a magnet could be carried out indefinitely, then, theoretically, 
single molecule would eventually be reached and it is quite reasonable to 
suppose that these would also be magnets with two poles. Wilhelm Weber 
proposed the molecular theory of magnetism from the fact that each individual 
molecule of a magnetic substance behaves like a full-fledged magnet. The theory 
was later developed by Ewing. Due to this reason, it is also known as Weber- 
Ewing molecular theory. According to this theory it is said that not only the 
molecules of a magnet but even the molecules of a magnetic substance are complete 
magnets in themselves, In an unmagnetised piece of iron, the molecules are 
present in all possible directions and form closed chains. Therefore, the 
speciman does not exhibit any magnetic property. In the case of a magnet how- 
ever, the molecular magnets are regularly arranged with their north poles all 
pointing in a given direction while the south poles in the opposite direction. 

In an unmagnetised piece of iron, 


say, these molecules are arranged. in Sea wt] n A 
random directions and form closed e VA KAYA AU A AN 
chains [Fig. 3.2]. Consequently, N-pole Ae ae hi eh 


ea | SO 
of a molecule get neutralised by the 

S-pole of an adjoining molecule facing Fig. 3.2 

it. Such closed chains do not permit manifestation of magnetic properties in 
the specimen. For this reason, a magnetic specimen does not exhibit free 
polarities or any other magnetic property until it is magnetised. 


But when the specimen is brought close to the pole (say, S-pole), of a 
strong magnet the closed magnetic chains of the molecules break down under the 


| 
| 
| 
| 
| 
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influence of the strong pole and the 
by the stroking pole, turn towards it 
[Fig. 3.3]. If the specimen is stroked 
repeatedly by the strong pole, more 
and more molecules are pulled into line 
with their like poles all pointing to the 


n-pole of the molecules being attracted 


Cat À 
ETZAN i 


n iee 
s25- s— got p d 


Put rm n A qim AT 


same direction. The molecules thus form 


open chains along the length of the 


Fig. 3.3 


specimen which becomes a magnet with free poles at the two ends (Fig. 3.4). 


At the middle of the specimen, 


pees Se 
gh S n 


^" s 


Fig. 3.4 


the molecules are arranged with opposite 
poles facing each other. Consequently, 
they neutralise each other and there is 
no magnetism at the middle of the bar. 
At each end, however, free poles of like 
nature exist which give rise to polarities 
at the two ends of the bar. 


On account of the mutual repulsion between free molecular poles at the 
ends of the open chains, the chains are not exactly parallel but fan out a little at 
ends. This is the reason why the poles of a bar magnet are never located. exactly 
at its ends. Furthermore, since each open chain has one free molecular pole at 
each end the total amounts of free north and south polarity in a magnet are equal. 

Modern theory : According to the modern conception, a magnetic substance 
consists of numerous magnetic regions, very small in size, known as domains. 
Length of each domain may vary form 10-3 to 10-5 cm. and may consist of 
about 10% to 1015 atoms. Ordinarily, the magnetic axes of the domains are 


oriented in different directions and 
magnetic property. 


hence the specimen does not exhibit any 


3.3. Explanation of some magnetic phenomena according to the molecular 


theory : 
@ Magnetisation by rubbing : 


We know that artificial magnets can be 


prepared by rubbing. The process can be explained by the molecular theory in 


the following way : 


In single touch method, for example, when the stroking S-pole touches one 
end of the steel bar, the molecules near the point turn round with their -poles 
pointing towards the stroking pole and s-poles in the opposite direction (Fig. 3.3). 
As the stroking pole rubs the length of the specimen, more and more molecules 
line up in the above Way along the point of contact. Finally when the stroking 
S-pole leaves the specimen, some of the molecules turn with their n-poles pointing 
towards that end and s-pole in the opposite way. With repeated stroking of the 
specimen, almost all the molecules are arranged in this way and the bar exhibits 


free polarity at its ends. 


The other touch methods (double and divided) may also be explained in 
the same Way. It is to be remembered that touch methods only affect the surface 
molecules ; its effect cannot penetrate deep into the specimen. This is why the 
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specimen is to be rubbed repeatedly. Rubbing should preferably be done by 
turning the specimen upside down too. 

To prepare a strong magnet by the method of stroking, several thin sheets, 
instead of a single thick bar, should be 
magnetised and then the sheets should 
be bolted together with their similar 
poles in the same direction. Such 


; magnets are called laminated magnets 
<a or magnetic battery (Fig. 3.5). 

f Fig. 3.5 (i) Magnetic induction : Mag- 
netic induction has been described in art 1.10. The phenomenon can be 
explained by. the theory of magnetism. 

During the process of induction, when N-pole of a strong magnet is brought 
near a magnetic substance, the molecules of the substance at the end nearer to the 
pole come under the influence of the pole. The south poles of the magnetic 
molecules being attracted by the strong N-pole of the magnet, turn towards the 
pole and the north poles turn in the opposite direction. Due to such orientation 
of the molecular magnets near the end of the magnetic substance, other nearby 
molecules are also affected and they, too orient themselves in the like manner. 
As aresult, a large number of molecules at the end nearer to the inducing N-pole 
get their south poles turned towards the inducing pole while a large number of 
molecules at the furthest end get their north poles turned towards that end. 
Consequently, free south pole is developed at the nearer end and free north pole at 
the furthest end. 


If the specimen is made of soft iron, the above orientations of the molecules 
break down as soon as the inducing N-pole is removed from near the specimen 
and closed chains are again formed, For this reason, the specimen is found to 
lose its magnetism immediately after the removal of the inducing pole. 

(iii) Magnetic saturation: When a piece of iron or steel is magnetised 
it is found that as the magnetisation is continued, the magnetism in the specimen 
gradually increases. The strength of the magnetism in the specimen finally reaches 
a maximum value, known as saturation point. Beyond the saturation point, the 
magnetism does not increase, even if the process of magnetisation is continued. 
This can be explained by the molecular theory of magnetism. 

When the magnetising forces are applied on the specimen, the closed chains 
of molecular magnets are broken, some of which turn in a particular direction. A 
feeble magnetism is, therefore, developed in the specimen. As the force of magneti- 
sation is increased, more and more molecules orient themselves in the given direction 
and finally when all the molecular magnets arrange themselves in a line, the stage 
of saturation is reached. Furher magnetisation does not increase magnetism 
because no more closed chain of molecules exist in the specimen. 

(iv) Curie point: Curie point has been mentioned in art 1.16, The 
existence of curie point in a magnetic specimen may be explained by the theory 
of magnetism. 
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When a magnet is heated, agitation and hence the mean kinetic energy of 
the molecular magnets increases. When the temperature of the specimen reaches 
the curie point, the agitation increases to such an extent that the linear arrangement 
of the molecules is disturbed violently and the molecules return to the orginal 
closed chain formation. In that condition, the magnet loses its magnetism. 

(v) Magnetostriction : When a long rod of iron is suddenly magnetised 
by a strong electric current, a metallic sound is heard and the length of the rod 
increases a little. If the magnet be of horse-shoe shape, the gap between its poles 
decreases. This phenomenon is known as magnetostriction. 

According to theory of magnetism, the closed chains of molecules are 
suddenly broken and the molecules are set parallel to the length of the rod. For 
this reason, a metallic sound is heard. 


3.4. Presence of magnetic substance in a magnetic field : 

A uniform magnetic field is represented by straight and parallel lines of force. 
If any magnetic substance like iron, steel, nickel etc. be placed in such uniform 
field, the lines of force undergo a considerable change. When placed in a uniform 
magnetic field, the molecular magnets (or the domains) of the specimen partly 
become aligned with the lines of force of the field. Their own lines of force, then 
become oriented in the same direction. Consequently, two types of lines of force 
are, then developed inside the specimen : 

(i) The lines of force due to external inducing field. These lines will 
be present even if a non-magnetic substance is kept instead of the specimen. 
These are known as simply /ines of force. 

(i) The lines of force due to the induced magnetism of the specimen. These 
are known as lines of magnetisation. ‘ 

Consider a cylindrical bar of a magnetic substance placed in a uniform field 
of intensity H. If « be the cross-sectional area of the bar, the number of lines of 
force crossing the bar is x H. As the bar is of magnetic substance, it will be 


@) Fig. 3.6 (b) 
magnetised by induction and poles will be developed at its ends. It will then 
create some additional lines of force in air as well as within itself [Fig. 3.6(a)]. 
In the diagram continuous parallel lines denote the lines of force due the external 


magnetising field and the broken lines denote its own lines of magnetisation. It 
is to be noted that both types of lines of force are almost side by side and unidirec- 
tional inside the material of the specimen [Fig. 3.6 (b)]. The combined lines of 
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force within the material are known as lines of induction. Outside the speci- 
men, in air, the lines of force and the lines of magnetisation are oppositely 
directed. Due to this difference, the field intensity inside and outside the specimen 
becomes different. Lines of induction inside the specimen are very much crowded 
and thereby make the field intensity very high ; while those outside the specimen 
are sparse and hence the intensity there is very low (as at P and Q). 


If M be the moment of the induced magnetism in the cylindrical rod, then 
its intensity of magnetisation Ie. where V is the volume of the rod. 


Again M—m.l. and V=al where m is the pole strength of the bar magnet 


and/ its magnetic length. Therefore, a, e PE pole strength. 
al a area. 


Hence, intensity of magnetisation may alternatively be defined as the pole 
strength developed per unit area of the cross-section of the bar. 


3.5. Some special properties of a magnetic substance : 


(i Permeability: We have already seen that when a soft iron ring is 
placed in the field of a bar-magnet the lines of force are drawn into the iron and 
concentrate through it. Iron is, therefore, said to be more permeable to magnetic 
lines of force than air. As a matter of fact, any magnetic substance, placed in a 
magnetic field, is found to concentrate more lines of force within it than air. The 
permeability of a substance is the ratio of the number of lines of foce passing 
normally through unit area of the substance to those of the air. For example, 
the permeability of a magnetic substance is 100—this means that the number of 
lines of force passing normally through unit area of the substance is 100 times the 
number of lines of force passing through air. The permeability of magnetic 
substances is greater than those of ordinary non-magnetic substances. Different 
magnetic substances have, however, different permeability extending up to several 
thousands, 


If B be the number of lines of force passing normally per unit area of the 
substance and H the number passing normally per unit area through air, then the 


permeability p of the substance is given by was. 


(ii) Susceptibility : The magnetic susceptibility of a material is a measure 
of the ease with which the substance is magnetised by a magnetic field. - The 
magnetism induced in a material when it is placed in a magnetic field depends 
firstly upon the material and secondly upon the magnetising field. But in a given 
magnetising field, different materials are found to acquire different amount of 
magnetism. It has been found experimentally that soft-iron acquires a greater 
amount of magnetism than steel in a given magnetising field. For this reason, 
soft-iron is said to have more susceptibility than steel. Mumetal, an alloy of nickel, 
irga and copper (73% nickel, 22% iron and 5% copper), has high suscep- 
tibility, 
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If I be the intensity of magnetisation developed parallel to the lines of force 
of a uniform magnetic field of intensity H, then the susceptibility K of the substance 


is given by Kad. or J=KH. It may be proved that p=1+4rK. 


(iii) Retentivity and Coercivity : Take two identical rods—one of soft- 
iron and the other of steel—and magnetise them by the same magnetising field. 
On removal of the magnetising force, it is found that under certain circumstances, 
the soft-iron specimen, like steel, retains almost all the magnetism. Experiment 
shows that about 90% of the magnetism is retained by them. But if the rods be 
stirred a little, soft-iron rod loses practically all the megnetism in it while the steel 
rod does not show any change. This shows that both soft-iron and steel have same 
retentivity but their coercivity is different. Soft-iron has much less coercivity 
than steel because soft-iron cannot withstand a slight force applied on it for removal 
of its magnetism. Under ordinary conditions, the retentivity of soft-iron, is 
however less than that of steel. : 


The above properties of magnetic substances are taken into consideration 
while preparing temporary and permanent magnets used in different appliances 
and instruments, and accordingly selection is made between iron, steel and other 
varieties of alloy. For example, a material meant for permanent magnet should 
have high retentivity and coercivity. For this reason, tungsten steel, cobalt steel, 
alnico, ticonal (an alloy of titanium, cobalt, nickel and aluminium) are used for 
preparing permanent magnets. For preparing electromagnets, a material having 
low retentivity and low coercivity is suitable. Soft-iron or stalloy (5% silicon and 
95% iron), is therefore, used for this purpose. For the ‘core’ of a transformer, 
permalloy (50% iron and 50% nickel) and transformer steel (4% silicon and rest 
soft iron) are used because they have high permeability. 


(iv) Magnetic induction: We now introduce a new term, magnetic 
induction into our magnetic consideration. 


Consider two magnetic poles of strength m, and m kept d cm. apart. The 


sede. i NS A i . 
force between them in air or in à vacuum, 1s di dynes and if m, is a unit pole, 


the force m,/d? upon it is called the strength of the field (say H) due to the pole m; 


(art 2.4). If however, the medium in which the poles are situated has permeability 


p, the force between the poles is ES dynes and the strength of the field due to 


m, is mpd? Thus, the strength of the field depends on the medium in which it 
is placed. It is very important to have a quantity which is fixed for a given pole 
and distance, independently of the medium. This quantity is called the magnetic 
induction (B) and we see from the above that it must be p times the strength of the 


field or B=pH 
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) Now, for a distance d from a given pole H= re 


pd? 
m m 
PONAT A 


B is therefore independent of the medium, thus fulfilling the condition 
required. Thus, magnetic induction may be defined as a quantity equal to y times 
the strength of magnetic field at any point. 


_ 3.6, Force between plane poles in contact : 


Consider the space between the plane poles of two bar magnets placed closed 
together as in Fig. 3.7. If the faces are sufficiently close together the magnetic 


field at any point between them is uniform and each 

polar face may, for all practical purposes, be considered 

N S to be infinite. Let J be the intensity of magnetisation 

of each magnet. It may be proved, by the application 

z of Gauss’s theorem that the strength of the field at 


: any point between the polar faces due to the polar 
Fig. 3.7 sheet N or S is 277. 


When the poles are very close together each is situated in the field of the 
other. Thus, the field due to Ñ is 2x7 and each square centimetre of S has an 
amount of pole 7 on it and therefore experiences a force—2z1 x [—2x/?. 

If « be the cross-section of the polar face, then if the two poles are in contact, 
there is a force 27x.J*, causing them to cling together. 

It is not necessary that the two magnets in contact should be permanent 
magnets; one may be a permanent magnet and the other a piece of soft iron which 
will be magnetised by induction by the permanent magnet. The force between the 
two polar faces will be same as before, provided the intensities of magnetisation 
in them are equal. If, they are not, the force will be 27al lą where J, and J, 
are the intensities of magnetisation respectively on two sides of the plane of 
contact. 


Example : Two long soft iron rods of area of cross-section 2-5 sqcm. are 
placed end to end and in contact. They are situated in a uniform magnetic field of 
intensity 30 Oe. If the permeability of iron be 150, what is the force required to 
separate the rods ? 


Ans. The force required to separate the rods P—27:572 


Now, I=K.H and 1+4nK=p, ;, ==) p (150-1)... 149x30 
dr 4r 4x 


WELT 149 x 30? 5x (149 x 30) 
d Pan x2'sx (18X30) dynes— x30) 
4n An 16r 


—]1:9x 10° dynes. 


3.7. Paramagnetic, dia-magnetic and ferro-magnetic substances : 


sushi) With a strong magnet, Faraday found that there are 
Some substances which are attracted by the magnet but there are a few which are 
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repelled. Those substances which are attracted by magnets are called paramagnetic 
and those repelled are called diamagnetic substances. Iron, aluminium, nickel, 
cobalt etc. are attracted by a magnet. Hence they are paramagnetic substances. 
Bismuth, antimony, zinc etc., on the other hand, are repelled by a magnet. 
So they are diamagnetic substances. 


Of the parmagnetic substances, some show remarkable magnetic properties, ` 
as for example, soft-iron and steel. They are known as ferromagnetic subs- 
tances. 


(a) Paramagnetic substances : Paramagnetic substances have high perme- 
ability but low and positive susceptibility. They tend to move from weaker to 
Stronger parts of the magnetising field and are attracted by a magnet. Iron, 
aluminium, manganese, platinum, chromium, salt solution of iron and oxygen are a 
few paramagnetic substances. 


Properties : (i) A paramagnetic material in the form of a thin bar, if 
suspended in a magnetic field, sets itself with its 
longer axis parallel to the direction of the magnetic 


‘field (Fig. 3.8). There is a greater concentration : N S 
of the magnetic lines of force through the material 
of the specimen. Fig. 3.8 


(ii) If some paramagnetic liquid be poured in a U-tube, the level of the 
liquid in two arms of the U-tube will be equal. If one of 
the limbs be now placed between the pole pieces of a 
strong magnet, the liquid in the limb shows a rise in 
level (Fig. 3.9). 


(iii) Take some paramagnetic liquid in a watch 
glass and put it over the pole-pieces of an electromagnet 
placed close to each other. The liquid will be found to 
have collected in a heap at the middle. If, on the other 
hand, the pole-pieces are further apart, an opposite effect 

Fig. 3.9 will be observed. The liquid will collect in two heaps over 
the two pole-pieces (Fig. 3.10). The reason is that 
when the pole-pieces are near to each other, the 
magnetic field is the strongest at the middle but 


when placed {further apart, the field is the strongest N S 
over the poles. 
(iv) A paramagnetic gas, when allowed to Fig. 3. 10 


ascend between the pole-pieces of a magnet, spreads along the field. 


(V) The. permeability of paramagnetic substances varies inversely as its 
absolute temperature. With the increase of the temperature, the permeability 
decreases and at a given temperature the permeability becomes negative i.e. the 


paramagnetic substance becomes diamagnetic. 
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(b) Diamagnetic substances : Diamagnetic substances have low perme- 
ability and negative susceptibility. They tend to move from stronger to weaker 
parts of the magnetising field and are repelled by a magnet. The magnetism of 
diamagnetic substances does not depend on temperature. Bismuth, antimony, 
phosphorus, copper, alcohol, mercury, gold, hydrogen, water etc. are a few diamagne- 
tic substances. As a matter of fact, all substances except the para- and ferro- 
magnetic substances, are dia-magnetic. 


Properties : (i) When a thin bar of diamagnetic substance is suspended 
in a magnetic field, it sets itself at right angles to 
the direction of the field (fig. 3.11). This shows 
that a diamagnetic substance moves from stronger 


N S to weaker parts of the field. The concentration of 
magnetic lines of force is more outside than inside 
Fig. 3.11 the specimen. 


(i) A diamagnetic liquid kept in a watch glass and placed over two very 
near poles of a magnet, shows a depression in the middle. (Fig. 3.12). 


(iii) Taking some diamagnetic liquid in a 
U-tube, if experiment be carried out as in the case 
of a paramagnetic liquid described earlier, the liquid 
in the limb between the poles will be found to have 


gone down and the liquid in the other limb up (Fig. 
3.13). 


Fig. 3.12 
(v) Ifa diamagnetic gas be allowed to ascend between the poles of a magnet, 


the gas spreads across the field. 


(v) The permeability of a diamagnetic substance 


does not change with its temperature. It remains 
constant, 


(c) Ferro-magnetic substances : These substances 
have very high permeability (between 1 to 10°). Their 
Susceptibility is also very high and positive. They are 
attracted strongly by a magnet.  7ron, steel, cobalt, nickel 


Fig. 3.13 and alloys made of these metals are good ferro-magnetic 
substances. 


[N. B. The theory of magnetism described in art 3.2 is applicable in the case of ferro- 
magnetic substances only.] 


Properties : All the properties of paramagnetic substances are present in 
a marked degree in ferro-magnetic substances. The susceptibility of these subs- 
tances, like paramagnetic substances, varies with its absolute temperature. 
At a given higher temperature, known as critical temperature or curie point, the 
ferro-magnetism disappears and the substance becomes paramagnetic. Experiments 


show that curie point for iron is about 770°C, for nickel about 400°C and for 
cobalt about 1100?C. 
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3,8. Comparison between ferro-, para- and dia-magnetic substances : 


Ferro-magnetics 


1. They are strongly 
attracted by magnets. 

2. Magnetic permea- 
bility is of high order (1— 109). 

3. Magnetic suscep- 
tibility is positive and of high 
order. 

4. When placed in a 
magnetic field, lines of force 
crowd too much in it. 


5. Susceptibility 
changes with absolute tem- 
perature but does not obey 
any simple law. 

6. Curie 
available. 

7. Ferro-magnetic 
substance tends to go to 
stronger region of the field 
from weaker region. 

8. The magnetic in- 
duction B is much greater 
than the outside magnetising 
field H. 

9. They 
talline solids. 


point is 


are crys- 


Essay type : 


They are feebly attracted 
by magnets. 


Magnetic permeability 
is of low order (1— 1:001). 
Magnetic susceptibility 


is positive but of low 
order. 

When placed in a magn- 
etic field, lines of force 
crowd into the specimen 
to some extent. 
Susceptibility is inversely 
proportional to absolute 
temperature. 


Curie point is not avail- 
able. 

Para-magnetic substance 
tends to go the stronger 
region of the field from 
the weaker region. 

The magnetic induction 
B is slightly greater than 
the outside magnetising 
field H. 

They are solid, liquid or 
gas. 


Exerciscs 


Para-magnetics | Dia-magnetics 


They are feebly repelled 
by magnets. 

Magnetic permeability 
is less than 1. 

Magnetic susceptibility 
is negative and of low 
order. 

When placed in a mag- 
netic field lines of force 
tryto avoid the speci- 
men. 

Susceptibility does not 
depend on temperature. 


Curie point is not avail- 
able. 

Diamagnetic substance 
tends to go to the weaker 
region of the field from 
the stronger region. 
The magnetic induction 
B is less than the out- 
side magnetising field H. 


They are solid, liquid 
or gas. 


1. Narrate briefly the molecular theory of magnetism. How can the magnetisation by 
friction be explained with the help of this theory ? 
2. Discuss in brief the molecular theory of magnetism and explain magnetic induction 


in the light of this theory. 


LH. S. Exam. 1978] 


LH. S. Exam. 1983] 


3. Distinguish between paramagnetic, diamagnetic and ferromagnetic substances. When 
does a ferromagnetic substance transform into a para-magnetic substance ? [H. S. Exam. 1982] 


4. Write what you know about: (i) Permeability (ii) Susceptibility (ii) Reten- 


tivity (iv) Coercivity. 


[cf. H. S. Exam. 1979) 
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answer type : 
5. It is impossible to produce a magnet having one pole ?. What is the reason of it ? 
6. What will you notice if you go on breaking up a magnet into smaller fragments ? 
What conclusion can you draw from it ? i 
7. What are paramagnetic, diamagnetic and ferro-magnetic substances ? How can you 
differentiate between para and diamagnetic substances ? lef. H. S. Exam. 1979;'81) 
8. To which category do the following substances belong : platinum, bismuth, steel, 
aluminium, zinc, water and nickel ? 
9. What is magnetostriction ? How is it explained ? 
.10. For making a permanent magnet, which one would you prefer—steel or soft iron 1 
Give reasons. 
11. Which type of magnetic materials would you select in making (i) electromagnet 
(ii) core of a transformer (iii) a bar magnet ? 
12. What is the harm if the electromagnet of a calling bell be made of steel ? 
13. Whatis the difference between lines of force and lines of induction ? What is intensity 
of magnetisation ? 
14. Two substances A and B have relative permeabilities slightly greater and slightly less 
than unity respectively. What does this signify about their magnetic properties ? To what 
group of magnetic substances do A and B each belong ? 


45. How will the lines of force inside and outside a specimen of magnetic substance behave 
when the specimen is placed in a uniform magnetic field ? 


Numerical Problems : 


16. Calculate the strength of the field near a plane sheet of magnetic pole of strength 85 
per sq. cm. [Ans. 53:4 Oc] 
17. A bar of steel of length 23 cm. breadth 1-2 cm. and thickness 0*5 cm. is placed in a 
magnetic field of 7-5 Oe and parallel to its length. Find the magnetic moment of the bar if its 
permeability is 640. 
[Hints : - Magnetic moment=J.a./. where I=intensity of magnetisation ; «—=area of 
cross-section and /—length] [Ans. 5260 units] 
18. Find the magnetic moment of a bar of iron of length 10 cm. and cross-section 0:5 
sq om, if it is uniformly magnetised in the direction of its length to an intensity of 500 Oc. 
[Ans. 2500 units] 
19. When an iron wire of length 40 cm. and cross-section 0-005 sq. cm. is placed along 
a field of strength 0:5 Oe its magnetic moment becomes 2. Calculate the intensity of magnetisation 
and the susceptibility. [Ans. 10; 20] 
20. Two long soft iron rods of area of cross-section 3°14 sq. cm. are placed end to end 
and in contact. They are situated in a uniform magnetic field of strength 20 Oc. If the perme- 
ability of iron is 101, what is the force required to separate the rods ? 
[Ans. 05x 10* dynes} 


| 
| 
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TERRESTRIAL MAGNETISM 


4.1. The earth is a huge magnet : 

We know that a freely suspended magnet or a compass needle always 
lines up in a north-south direction. If it is disturbed, it again comes to the 
same north-south position after a few oscillations. It appears that some external 
force causes the needle to point in a particular direction. Having noticed this, Sir 
William Gilbert, a physician to Queen Elizabath, came to the conclusion 
that the earth is a huge magnet. He said that a magnetic needle could be 
influenced by a magnet only and since there is no magnet near about the needle, 
it was the earth's magnetic field which caused the needle to point in the north-south 
direction. To prove his view-point, Gilbert shaped a lodestone into a sphere 
and demonstrated that a small compass placed at any spot of the globe always 
pointed, as it did on the earth, toward the North pole. Furthermore, it was 
known that a magnetic substance, buried into the earth for a long time, acquired . 
feeble magnetism under the influence of the earth's magnetic field. For all these 
reasons, scientists are, now, of opinion that the earth behaves like a huge magnet. 

Although the cause for the earth's magnetism is not completely understood, 
several reasonable theories have been proposed. The earth’s magnetism, like 
an ordinary bar-magnet, has two polarities. The magnetic poles of the earth are 
known as dip poles. A magnet freely suspended about its centre of gravity will 
remain exactly vertical at two places on the earth. Those two places are the dip 
poles of the earth's magnetism. The North Magnetic pole is located in Bothia 
Felix in far northern Canada and is about 1500 miles away from the North Geo- 
graphic pole. The South Magnetic pole is located almost diametrically opposite 
in the southern hemisphere and is about 1400 miles away from the South Geo- 
graphic pole. The positions of the poles, however, are continuously, though slowly 
changing. 

If we call the magnetic pole of the earth near the geographical N-pole as 
north magnetic pole, then the end of the magnetic needle which points towards 
the north is, in fact, the south pole i.e. opposite to the pole of the earth and we 
often call it the north-seeking pole of the needle. The other pole of the needle 
is accordingly called the south-seeking pole. For brevity, the north-seeking pole 
of the needle is marked as north pole and the south-seeking pole as the south pole. 

To avoid confusion, it was the practice 
to call the magnetic pole of the earth near 
the geographical N-pole as blue pole and the 
other pole of the earth as red pole. 

Magnetic meridian plane: The mag- ../. | 
netic meridian plane at a place means N 
an imaginary vertical plane passing through 
the place as well as the magnetic north and 
south poles of the earth (Fig. 4.1). If a line Fig. 4.1 
be imagined on the plane joining the place with the magnetic south and north 


MAG.MERIDIAN 
PLANE 


FREELY SUSPENDED 
BAR-MAGNET 
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poles of the earth, then the line is called the magnetic meridian line. The 
axis of a freely suspended magnet at.a place passes through the magnetic meridian 
line at that place. 

Geographical meridian plane : The geographical meridian plane at a place 
means an imaginary vertical plane passing through the place as well as the geo- 
‘graphic south and north poles of the earth. If a line be imagined on the plane 
joining the place with the geographic poles of the earth, then the line is called the 
geographic meridian line. 


4.2. Magnetisation by the earth : 

That the earth is a huge magnet is also corroborated by the fact that 
like other magnets, the earth is capable of magnetisation, although feebly. 
This can be proved by taking magnetic materials of high susceptibility like 
soft-iron, permalloy, mu-metal etc. and suspending them either horizontally or 
vertically in the magnetic meridian for some time. These materials will be found 
to have acquired feeble magnetism. 

Very often we come across peculiar phenomena due to magnetisation by 
the earth. Iron beams pointing north and south and vertical iron railings and 
pillars are generally found to be feebly magnetised. North pole is found to develop 
at the lower end of vertical iron or steel bars, railings etc in northern hemisphere 
and south pole in southern hemisphere, due to earth's magnetism. Ships made 
of steel plates acquire feeble magnetism due to the earth during hammering and 
rivetting. Magnetic mines, devised by the Germans in World War II, were acted on 
by this feeble magnetism of the ships and destroyed the ships by terrible explosion. 


4.3. Lines of force of earth’s magnetic field : 
Since the earth behaves like a huge magnet, it has its own magnetic field. 
The magnetic poles of the earth area 
Ww ius little far away from its geographical 
poles. If we suppose that the earth’s 
magnetism is due to a huge bar- 
magnet hidden inside the earth, 
then the bar-magnet should make 
an angle of about 113^* with the 
geographical axis of the earth as 
Shown in fig. 4.2. The axis of the 
imaginary magnet NS is called the 
Seomagnetic axis and the points 
where the geomagnetic axis intersects 
the earth are called the magnetic 
axis poles. The end of the bar- 
magnet pointing toward the north 


o ea 


ATA magnetic pole of the earth, is a 
south pole and the other end is a 
Fig. 42 north-pole because we know that 


* [Encyclopedia Britannica —Volume 21] 
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opposite polarities keep themselves near to each other by the force of attraction. 
We also know that lines of force due to a bar-magnet originate from the 
N-pole and terminate on the S-pole of the magnet. If the earth’s magnetism 
is supposed to be produced by an imaginary bar-magnet of above description, 
then its lines of force will be as shown in fig. 4.2. It is to be noted that earth’s 
lines of force originate from the S-pole and terminate on the N-pole of the earth. 
This is because the poles of the imaginary bar-magnet are situated opposite to 
the poles of earth’s magnetism. 

Hence, if the lines of force due to a bar-magnet are shown to be directed from 
N-pole to S-pole, those due to earth’s magnetism will be opposite i.e. from S-pole 
to N-pole. 

It is to be noted that dip poles and the magnetic axis poles of the earth are 
not situated at the same place. 


4.4. Elements of earth's magnetism : 


In order to specify the earth’s magnetic field completely at a place, it is 
necessary to know (i) the magnetic dip (ii) the magnetic declination and (iii) the 
horizontal component of the earth's magnetic intensity. These are known as the 
elements of earth’s magnetism. We shall now discuss these elements one by one. 


(i) Magnetic dip : A rod of non-magnetic substance like brass, when 
suspended by a thread from its centre of gravity remains always horizontal [Fig. 
43(a). But a magnetic needle or a bar-magnet similarly suspended will not come 
to rest in a horizontal position but will dip down at some angle with the horizontal 
[Fig. 4.3 (b). This is because the needle is acted on by the earth’s magnetism and 
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(a) Fig. 4.3 (b) 
places itself in the direction of the earth’s magnetic field at that place. If the 
needle be taken gradually towards northern hemisphere, the north pole of the 
needle will be found to dip more and more downwards. On the other hand, in 
the southern hemisphere, the south pole of the needle will dip downwards, 


Definition : The angle between the direction of the earth's magnetic field 
and the horizontal measured in the plane of the magnetic meridian, is called the dip. 

In fig. 4.4 a freely suspended magnetic needle has been shown. Its axis 
gives the direction of the earth’s magnetic field which makes an angle 0 with the 


. horizontal plane passing through the point of suspension. The dip at that place 


is, therefore, 0. 
Ph II—14 
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Dip at Calcutta is 30* N—this means that the north pole of a freely suspended 
magnetic needle at Calcutta will dip down and 
the axis of the needle will make an angle 30° 
with the horizontal plane passing through its 
point of suspension. 

Dip at different places of the earth is 
different. At the poles the dip is 90° while at 
the equator, it is 0°. 

(ii) Magnetic declination: It has been 
pointed out earlier that the earth’s magnetic and 
the geographical poles do not coincide. Con- 
sequently, the magnetic meridian plane and the geographic meridian plane at a 
place may not coincide. As a matter of fact, the declination or the magnetic 
variation at a place is the angle between these two planes at the place. For example, 
the declination at a place is 1° 15’ E—this means that the above two planes at the 
place make an angle of 1°15’ between them and that the north pole of a suspended 
magnetic needle, capable of rotating freely in a horizonal plane, moves away from 
the geographic meridian towards east through the above angle. The place where 
the magnetic and the geographic meridians coincide, has zero declination. 

(iii) Horizontal component of earth’s magnetic intensity: If the total 
intensity of the earth’s magnetic field at a place be resolved into two components— 
one horizontal and the other vertical, then the horizontal component is known as 
the horizontal component of earth’s magnetic intensity. 

Generally in a laboratory, we use magnetic needles which are pivoted in 
such a manner that they can freely move in a horizontal 
plane only. Consequently, the horizontal component ur 

€ 


Fig. 4.4 


of earth’s magnetism will have some effect on it, the E» Z? 
vertical component having no effect. This is why we $ DZA 
require, in general, the value of the horizontal com- & 

ponent only. For example, the horizontal compo- ES 

nent of earth's magnetism in Calcutta is 0:3725 § H-Icos6 
C.G.S.—this means that if the total intensity in $ V=I sing 


Calcutta be resolved into two components—horizon- 
tal and vertical, the former will be 0:3725 C.G.S. 

Fig 4.5 shows the magnetic and geographic Fig. 4.5 
meridians at a place. The angle è between them gives the declination at the 
place. If a magnetic needle, remaining in the magnetic meridian makes an 
angle 0 with the horizontal, then 0 will be the dip at the place. Further, the total 
intensity J of the earth’s magnetism at the place will act along the axis of the 
needle. If the intensity is resolved horizontally and vertically, the former com- 
ponent H= cos 0 and the latter component V— sin 0 


Also, H*--V*—[I (sin20-I-cos?0)—7* AOIAGRER 
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Example 1 : At a place the angle of dip is 45° and the total intensity of 
the earth's magnetism is 0*4 Oe. Find the horizontal and vertical components of 
the earth’s magnetism at the place. 


Ans. We know, x —tan 0—tan45?—1 .. V=H. 


Also, I= VH V&— /2.H ;. 04—4/2H or HU = 028 Oe. 


Hence H= V—0:28 Oe. 


Example 2 : The total intensity of earth's magnetic field at a place A is 0:5 
and dip angle is 30^. At another place B, the corresponding values are 0'55 
and 45°. Compare the horizontal intensities at those places. 


Ans. Suppose Ha, Hs and Js, Is are respectively the horizontal intensities 
and total intensities at A and B. Then, Ha=Ja cos 0; and Hp=Iz. cos0, 
H^ fa. cos0, — 0.5 cos 30° 0: 5xV3xV/2_ 1l 
Hs Tp. cos), 0:55cos45?  2x055x1 10 


Example 3 : When the upper tip of a magnetic dip needle is loaded with 
a small mass, the dip recorded is found to drop from 45° to 30°. The total 
magnetic intensity at the place is 042 Oe and the pole strength of the magnetic ' 
needle is 200 c.g.s. units. What is the mass attached ? [LLT. 1977] 


Ans. When the angle of dip is 45°, it can be written from fig 4.6 
m 21% H sin 45°=m x 21x V cos 45° 
[2/=length of the needle] 

or, V=H tan 45°=H tos v) 

Let W be the weight of the mass loaded. 
Taking moment of the forces about the point 
O, we get, mX2lx H sin 30*-- WI cos 30°= 
mx 21x V cos 30° 


or. mH-4--—— Li i= y3mV=4/3mH 


PM relation (i)] 


or vs W=(4/3—1)mH 


yX V3- DMH A1732- MH _ 2x 200x0732 yy 4 
5, ty ky 7777178 si TB 


Again I—4/H*X-V3—4/2H or H= = P3 70297 
y .2200x 0-732 x 0:297 4 

1732 "T 
2x200x 0:732x 0:297 


1:732x 980 


Fig. 4.6 


Putting this value in eqn. (ii), W- 


Hence, the reqd. mass— gm—0:051 gm 
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Example 4 : ` If 3, be the angle of inclination of the magnetic axis of a mag- 
netic. needle with horizontal at any vertical plane and 8, is that in another vertical 
plane at right angle to the previous one, prove that the true angle of dip 8 is given by 

cot*8—cot?3, + cot*3, [Jt. Entrance 1984] 


Ans. ò, is the dip at the first place [Fig. 4.7]. PQ is the magnetic meridian 
line. P,Q, is the horizontal line when the needle shows the apparent dip 4). 
In this condition, OC gives the direction of 
the total intensity of earth’s magnetic field. 
OA represents the vertical component 
of the total intensity. The vertical com- 
ponent will, however, remain unchanged 
in both the planes. Let H, be the hori- 
zontal component in the first position. 


ee Lun 2979 


Fig. 4.7 H, 
If true horizontal component of earth's field be H, then H,—H cos 0 .. (ii) 
: iz 4 H 9 zi 
From (i) and (ii), we get Hos qn 8, or cot 9,— D (iii) 


In the vertical plane perpendicular to the first vertica] plane, the apparent 
dip—3, ; 9 will have a value equal to (0+90°). In this case, 7. —tan 3, and 
H,=H cos (0--90*) — — H sin 0. : 


pu H. sin 0 
i pun Q^ tan 8, or cot 8,— — y 


* "m , n 2 
Squaring (iii) and (iv) and adding, cot? 5,-+-cot? a SOE af ES. ^ cot 4] 


(v) 


"Example 5: The earth's magnetic field may be considered to be due to a 
short magnet placed at the centre of the earth and oriented along the magnetic 
south-north direction. Calculate the ratio of the magnitude of the magnetic field 
on the earth's surface at the magnetic equator to that at the magnetic poles. 
Assume the earth to be spherical. [LLT. 1970] 


Ans. NS is an imaginary bar magnet placed at 
the centre of the earth [Fig 4.8]. If r be the radius 
of the earth and M the moment of the imaginary 
bar magnet, then the horizontal intensity and vertical 
intensity of the earth's field on the surface of the earth 


M cos X. x aaa ae 
r3 


N-Pole 
T 


at a latitude À are given respectively by H= 


2M sin X 


r3 


PS S -Fol 
I=V EF V$-A eem d daran. iu 


T Fig. 4.8 


and V— 


Hence total magnetic intensity 
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= Ait Gath. Y r HO" at the’ équator, = 
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Ka o 
ll 
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Again at the poles 1=90°, .. h=% /1-+3 (sin rig eee 


4.5, Mariner's Compass : 

It has been mentioned earlier that a magnet has a directive property. 
Using this property of a magnet, a compass has been devised which is used by 
the sailors in guiding the course of a ship in sea. 

The simplest form of a mariner's compass is shown in fig. 4.9. It consists 
of a circular card having one or 
more magnetic needles fastened 
beneath it. The card rotates with 
the rotation of the needles. The 
upper surface of the card is marked 
out by radii into thirty two divisions 
which are called points of compass. 
One of these divisions is marked N 
with a crown. It indicates the mag- 
netic north because it comes imme- 
diately over N-pole of the needle. 
The needle and the card are supported on a sharp metal pivot by means of an agate 
cap which is fixed to the centre of the needle. 

In order to ensure a horizontal position of the compass needle in spite of the 
rolling and pitching of the ship, the circular box containing the needle is supported 
on ‘gimbals’. This means that the compass box is pivoted to turn about an axis 
RS within a ring, while the ring itself can turn about an axis PQ perpendicular to 
RS. This prevents the compass from partaking of the rolling motion of the ship. 

The mariners ascertain the direction by noting the position of the crown in 


in the card. 


Fig. 4.9 


4.6. Magnetic maps : 

The elements of earth's magnetism are different at different places. 
On the other hand, there are places where one particular element has the same 
value. Magnetic maps are prepared to show different features of the elements 
of earth's magnetism. The values of the elements, however, change 
with time. Consequently, new maps are prepared from time to time. Magnetic 
maps are very important to the sailors. Fig. 410 shows a magnetic map 
which contains the following lines. 

(i) Isogonic lines : Places on the surface of the earth, which have equal 
declination, are joined by a line, known as isogonic lines. The thin continuous 
lines in fig. 4.10 are isogonic lines. 

(i) Agonic lines : Lines joining points of zero declination are called 
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D Bu a = = : 1 
agoniclines. The thick continuous lines in the ig., Aa T waving U° written by their 
sides are agonic lines. 


(ii) Isoclinic lines : Lines joining points of equal dip are called isoclinic 
lines. In fig. 4.10, broken lines represent isoclinic lines. 
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(iv) Aclinic lines : The line joining points where the dip is zero, is called 
the aclinic line. Magnetic equator is an aclinic line. 

(v) Isodynamic lines : Lines joining points 
where the values of the horizontal component 
of earth's magnetic intensity are equal, are called 
isodynamic lines. 


(vi) Duperrey's lines : In addition to the 
abovelines, there are lines which indicate the 
direction of the magnetic meridians, called 
Duperrey’s lines (Fig. 4.11). The magnetic 
meridians converge to two points called the 
magnetic poles of the earth. 


4.7. Changes in the magnetic elements of the earth : 

A systematic recording of the magnetic elements of the earth (viz, the hori- 
zontal intensity, the dip and the declination) at a place shows that they are not 
constant quantities but they undergo variations. These variations may be classi- 
fied as follows : 

(i) Daily variations : All the magnetic elements undergo fairly regular 
daily variations, but as these are small, special instruments are necessary to record 
them. They are found to be different at different hours. These variations are, 
however, not the same from day to day ; on specially *quiet' days, the changes 
are almost nil and on some other days, the variations are maximum. It is said , 
that the daily variations are due to electric currents in the upper regions of the 
atmosphere, but the explanation is by no means complete. 

(i) Annual variations : The magnetic elements also have periodic yearly 
changes. They undergo cyclic changes during the year. Thus, the declination is 
found to have à maximum value in February and a minimum value in August. 

(iii) Secular variations : The periodic variations of magnetic elements 
at a place are characterised as secular variation. By periodic variation we mean 
that these quantities will attain different values at different intervals of time but 
finally return to the original value after a definite period of time, the period being 
a very long one of the order of several hundred years. It has been found that the 
north magnetic pole turns round the geographical north pole in a circle of radius 
17? and completes one full rotation in about 960 years, causing a secular variation 
of declination at London as shown in the following table. 


Year Declination 

1580 -— 11°15’E 

1620 E 6 SE 

1659. — 0° 0’ (compass needle pointed true north) 
1823 — 24°30'W 

1938 — 11°1' W 

1952 — 9? 3'W 

2159" ^ = 0° 0' (compass needle pointed due north) 


2540 — 11*15'E 
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Ło The last two occasions are yet to come and the cycle of 960 years is expected 
to be completed in 2540 A.D. 


4.8. Magnetic storm : 


Sudden and violent changes in the values of magnetic elements, which 
cannot be predicted are sometimes produced simultaneously all over the world. 
After a while, of course, the values return to the normal state, This phenomenon 
is known as magnetic storm. During magnetic storm, the magnetic needles of 
all magnetic instruments are found to behave abnormally. Magnetic storms 
generally occur at the time of natural calamity like volcanic eruptions, earth- 
quakes, aurora borealis, sunspot etc. During this time—specially at the time 
of appearance of aurora borealis and sunspot, large quantity of tiny charged 
particles is thrown at a great speed towards the earth, and they cause a sudden 
and violent change in the values of magnetic elements. Magnetic storm disturbs 
the radio communication, telegraph and telephone system. 


Magnetic elements at different places 


Horizontal Declination Dip (6) 
component (H) (8) 
44° E 30°N 
2 2H. 40*56' N 
32' E 25°N 
10’ W 34°37'N 
10° W 67°N 
Exercises 


Essay type : 


1. “The earth is a huge magnet"—What are the arguments in favour of this statement ? 
What is the difference between the dip poles and the magnetic axis poles of the earth ? 

2, Name and explain the elements of earth’s magnetism. LH. S. Exam, 1978] 

3. What are the three elements of the earth's magnetic field ? Describe the nature of 
earth's magnetic field. 

4. Describe and explain the action of a mariner's compass. Does it show the true ncrth 
direction ? 

5. What isa magnetic map ? What are its uses ? What is magnetic storm ? 


Short answer type : 


6. The dip at Calcutta is 30°N-—what does this statement mean ? At what places the 

dip is 0? and 90° ? [H. S. Exam. 1978] 

7. Athin uniform wooden rod, suspended from its centre of gravity; comes to rest ina 

horizontal position but a thin uniform magnetic rod similarly suspended remains inclined to the 

horizon. What is the reason of it ? Whatis the significance of the inclination ? What inform- 

ation do you get about the magnetic intensity of the earth from the inclined position of the 
magnetic rod ? 5 


diis, 3o. —— M PEN 
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8. Vertical steel pillars used in the construction of buildings in Australia are found to 
develop north polarity at the lower end. Why 1 

9. A compass needle is kept on a piece of cork and the cork is floated on water. Will it 
move towards the north ? or to the south ? 

10. What is a ‘magnetic mine’ ? 

11; Draw a diagram showing, in general, the magnetic lines of force around the earth. 
The lines of force due to a bar-magnet originate at its north pole but the lines of force due to 
the earth’s magnetism originate at its south pole. Why is this difference ? 

12. The horizontal component of earth's magnetic intensity in Calcutta is 0:3725 C.G.S.— 
Explain the statement fully. Why do we require cnly the horizontal component in our magnetic 
measurements ? 

13. A small magnet is freely suspended in magnetic meridian. Where will it be exactly 


vertical or horizontal ? 


Objective type : 

14. (a) The angle made by the axis of a freely suspended magnetic needle with the hori- 
zontal plane passing through the point of suspension, at a place is called (i) the dip pole (ii) the 
angle of declination (iii) angle of dipat that place. Which is correct ? 

(b) The lower end of a vertical pillar kept at the southern hemisphere of the earth acquires 
(i) north polarity (ii) south polarity (iii) no polarity. Which is correct ? 

(c) At a place where dip is 45°, the horizontal component of earth's magnetic field and 
vertical component are (i) unequal (ii) equal (iii) in the ratio 1 :2. Which is correct ? 

(d) The magnetic equator is an (i) aclinic line (ii) Isoclinic line (iii) agonic line. Which is 
correct ? 

(e) If H and V are the horizontal and vertical components of earth's magnetic field at a 
place where dip is 60°, then (i) V—H (ii) V=4/3H (iii) H—4/3.V. Which is corect ? 

(f) A line passing through places having zero value of magnetic dip is called (i) isoclinic 
line (ii) aclinic line (iii) agonic line (iv) isogonicline. Which is correct ? 

(g) The mariner's compass is provided with gimbals arrangement so as to (i) give a. direct 
value of dip (ii) give a direct value of declination (iii) keep the needle always horizontal. Which 
is correct ? 

(h) The magnetic field due to the earth is closely equivalent to that due to (i) a large magnet 
equal to the diameter of the earth (ii) a magnetic dipole at the centre of the earth (iii) a large coil 
carrying a current (iv) neither of the above. Which is correct ? 

(i) The magnetic compass is not useful for navigation near the magnetic poles because 
(i) the magnetic field near the poles is zero (ii) the magnetic field near the poles is almost vertical 
(iii) at low temperature the compass needle loses its magnetic properties (iv) none of the above, 
Which is correct ? 


Numerical problems £. 

15. Ata place, the dip is 45° and the total intensity of earth’s magnetism is 0'8 Oe. What 
are the horizontal and vertical components ? [Ans. 0:564 Oe each] 

16. The declination and dip at a place are 25? and 45? respectively. The horizontal com- 
ponent of earth's field there is 0:3 Oe. What will be the horizontal component and the vertical 
component at the geographical meridian ? cos 25*—0:9063. [Ans. 0:272 Oe ; 0:3 Oe] 

[Hints : See Fig. 4.5 §=25° and 0—45^; if H' and V’ are the required components, 
H' — H.cos §=0'3. cos 25? —0:3 x 0-9063 —0:272 Oe 
V'—V-—H. tan 0—0:3 x tan 45°=0°3 Oe.] 

17. If the horizontal component of earth’s magnetic field at Calcutta be 0°35 oersted and 
the angle of dip be 30°, calculate the intensity of earth’s magnetic field at Calcutta. 

[H. S. Exam. 1980] (Ans. 0:40 Oe] 

18. A magnetic needle freely suspended in the magnetic meridian at a place about its 

centre of gravity lies inclined at 30° to the horizontal. If the horizontal intensity of the earth's 
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magnetic field at the place is 0:36 oersted, what is the intensity of the terrestrial magnetic fieid 
at the place ? LH. S. Exam. 1984] [Ans. 0:42 Oe] 
19. Find the value of the vertical component of the earth's magnetic field at a place where 
the angle of dip is 60° and H=0-2 Oc. [Ans. 0:346 Oe] 
20. The vertical and horizontal components of the earth's magnetic field at a place are 
equal. What is the angle of dip at the place ? [Ans. 45° 


Harder problems : 


21. At a place, the dip needle makes an angle of 45° with the horizontal. If a mass of 
1 gm is loaded on the upper end of the needle, the dip angle is reduced to 30°. What mass will 
make the needle horizontal ? [Ans. 2:3 gm] 

[Hints : In the 1st case, 2m/H sin 45°=2mlV cos 45° 

In the 2nd case, 2mlH sin 30°+-1.g./ cos 30°=2mlV cos 30° 
In the 3rd case, m’gl=2mlV [m' —reqd mass] 

22. A magnetic needle of mass 10 gm. has a magnetic moment of 28 unit. If the needle 
is to be maintained horizontal in the northern hemisphere, where should the pivot rest relative to 
the c.g. of the needle ? The vertical component of earth's magnetic field is 0*5 Oe. 

[Ans. 0:0143 mm] 

23. When a mass of 1 gm is placed on the upper end of a dip needle, the dip angle reduces 
to 30° from 60°. If the total intensity of earth's magnetic field there be 0:42 Oe, find the pole 
strength of the needle. [Ans. 1885 units] 

24. Earth's magnetic field may be imagined to be due to a small bar magnet located at the 
centre of the earth. If the magnetic field at a point on the magnetic equator is 0:3 oersted, what 
is the magnetic moment of such a bar magnet ? What is the value of the magnetic field at the 
north pole ? The radius of the earth—6:4x 10* cm. — [I.I.T. 1973] [Ans. 78-65 10% ; 1-5 Oe] 

25. A magnetic needle of pole strength 50 units and 20 cm. in length is capable of rotating 
about its central pivot. Calculate the weight required to be placed at the end of the needle to 
make it horizontal at a place where H —0:2 Oe and angle of dip=45° (g— 1000 cm/s?). 

[Ars. 20 mg] 

26. Inan experiment for finding dip at a place it is found that the apparent dip in one place 
is 30° and that in a plane at right angles to the find plane is 20°. Find the true dip at the place. 

[Ans. 17° (nearly)] 

[Hints : Apply the formula cot*3—cot*3,--cot3. where 3, 3i and 3; are the true and 
the two apparent dips respectively, See example no. 4, page 212]. 

27. A magnetic needle of mass 7-5 gm has a magnetic moment of 98 units. If the 
needle is to be maintained horizontalin the northern hemispheres where should the point of 
support lie relative to its centre of gravity ? Assume that the vertical component of the 
earth's magnetic field is 25 Oe. (Jt. Entrance 1986] [Ans. 33:3: 107* mm] 
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ELECTROSTATICS 


1.1. Introduction : 

As far back as the sixth century B.C. the Greek philosopher Thales 
casually noticed that amber, the hard sap of a kind of pine tree, when 
rubbed with silk, exhibits the property of attracting very light bodies like 
straws, paper etc. You may have noticed that after combing dry hair with 
a guttapercha or celluloid comb in winter, the comb attracts small pieces of paper. 
No systematic study of the above phenomenon was, however, known to have 
been made until about 1600 A.D. when Dr. Gilbert, a physician to Queen Elizabeth 
of England, carried out detailed investigation about the peculiar behaviour of 
amber. He found that besides amber many other substances possess the same 
property. The Greek equivalent for the word ‘amber’ is ‘electron’ and probably 
Dr. Gilbert named the phenomenon as ‘electrification’ from this Greek word. 
These substances which like silk-rubbed amber, can attract other light substances, 
are called electrified bodies. This electricity remains confined in the body and 
cannot move from one place to another. For this reason, it is called static 


electricity. 


1.2. Electrification by rubbing : 

Electricity can be produced by simply rubbing two bodies. Make a piece 
of glass rod and a piece of silk dry and warm by sun rays. Rub the glass 
rod smartly with the piece of silk and hold the rod before small pieces of 
paper. The glass rod will attract the pieces of paper. The glass rod is thus 
electrified. 

Given opportunity, frictional electricity may accumulate in a body to a 
dangerous extent. When a truck full of petrol moves speedily, the petrol is jerked 
violently and electric charges are developed due to rubbing. Gradual accumulation 
of charge, in this way, may cause a sparking. As petrol is extremely inflammable, 
it may create the danger of a violent explosion. To prevent such accident, charges 
are not allowed to accumulate. A metallic chain is allowed to dangle on the 
road from the body of the truck. Frictional charges, as soon as they are produced, 
leak away to the earth through the chain and cannot accumulate. 


GENERAL FACTS OF ELECTRIFICATION AND 
ELECTROSTATIC INDUCTION. 


1.3. Conductor and non-conductor (or insulator) : 

If a brass-bar rubbed with silk, flannel or cat’s skin be held in hand and 
presented before small pieces of paper, the rod will not attract the pieces i.e. the 
rod will not be electrified. But rods of glass, shellac, ebonite etc. when similarly 
rubbed are easily electrified. Noticing this fact, the ancient scientists came to 
the conclusion that there are some substances which cannot be electrified, But 
later on, the conclusion was found to be incorrect. As a matter of fact, all subs- 
tances, when suitably rubbed, may be electrified. Why, then the brass rod in 
the above experiment was not electrified ? 
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The answer to the question is that the brass rod was electrified but the elec- 
tricity passed readily along the brass rod to the earth through the body of the 
experimenter and hence no sign of electrification was perceptible. Had the brass 
rod been held with a wooden handle, the rod would have retained its electrification 
because electricity cannot pass through wood. We may, therefore, conclude 
that there are two classes of substances viz (i) substances through which electricity 
can easily pass and they are called conductors and (ii) substances through which 
electricity cannot easily pass and they are called non-conductors or insulators. 

Metals, in general, are good conductors of electricity. Of these again, 
copper, silver and aluminium are notably very good conductors. You may have 
seen that house-hold wiring is made of copper wires. Nowadays, of course, 
aluminium wires are being used in many cases, instead of copper wires. Besides 
metals, earth, human body, carbon, coal, mercury etc. are examples of conductors 
Of electricity. 

Dry air, glass, paper, wax, wood, ebonite, porcelain, bakelite etc. are non- 
conductors or insulators. You must have seen that telegraph, telephone or power 
supply line wires are supported on porcelain knobs. They are not directly connec- 
ted to electric posts : because in the case of direct connection, leakage of electricity 
may take place through the posts, making the posts fatal to human life. Porcelain, 
being a non-conductor, prevents such leakage of electricity. The connecting 
wires used in laboratories for electrical experiments are covered by silk or cotton 
which are insulators. As a result, no harm will be caused if two connecting wires 
touch each other. The wires are known as insulated wires. 

It is to be remembered that no substance is a perfect insulator. The substances 
mentioned earlier as insulators are such that electricity can pass comparatively 
with much difficulty through them. 3 

[N.B. Incidentally, dryness is an important factor in electrical experiments. Moisture 
being a conductor of electricity, moist apparatus and instruments are not conducive to good 
electrical experiments. For successful results, all instruments used in electrical experiments must 
be perfectly dry. In rainy season, the atmosphere becomes damp and in winter, it becomes dry. 
Electrical experiments are also performed better in winter than in rainy season.) 


1.4. Two opposite kinds of electric charge : 


Let a glass rod be electrified by rubbing it with silk and suspended from a 
stirrup [Fig. 1.1(a)] by a silk thread. An ebonite rod is charged by rubbing it 


(a) Fig. 1.1 (b) 
with a cat's fur and is similarly suspended by the side of the glass rod. The rods 
will be found to attract each other. Again two ebonite rods charged by rubbing 
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against a cat’s fur, are suspended side by side from another stirrup [Fig. 1.1(b)]. 
The rods will be found to repel each other. 


So the above experiment illustrates that the glass and the ebonite rods are 
endowed with opposite kinds of electricity in the sense that attraction takes place 
in the case of ebonite and glass while repulsion in the case of ebonite and 
ebonite. 

We may, therefore, conclude that /ike charges repel each other and unlike 
charges attract. 


The scientists unanimously decided that the electricity developed in glass 
due to rubbing with silk will be reckoned as positive while that developed in 
ebonite due to rubbing with cat’s fur will be reckoned as negative. Positive and 
negative are simple names and they have no further significance except that they 
denote two opposite kinds of electricity. 


It should be borne in mind that positive electricity is not alvas developed 
in glass or negative electricity in ebonite. The table below shows that the same 
substance may develope both positive and negative electricity when suitable 
rubbers are used. The following list has been prepared such that if any two 
bodies be chosen, the one standing first becomes positive, the other negative when 
they are rubbed against each other. 


I. Fur 6. Ebonite 

2. Glass 7. Sealing wax 
3. Silk 8. Amber 

4. Human body 9. Resin 

5. Metals 10. Sulphur 


Thus if a metal be rubbed with fur, it becomes negatively charged; if rubbed 
with resin, it becomes positively charged. 


1.5. Repulsion is a surer test of electrification than attraction : 


From experiments described in art 1.4 it is found that like charges 
repel each other but unlike charges or a charged and an uncharged body attract 
each other. 

Now, if by bringing a body A near a charged body B, attraction is noticed, 
the conclusion regarding the condition of electrification of 4 is not definite. The 
body A may either be uncharged or if charged, it is charged with opposite kind 
of electricity. But if the two bodies are found to repel each other, the conclusion 
is definite. The body A is charged and charged with same kind of electricity as 
B because repulsion takes place only between two like charges. 


Thus, repulsion is a surer test of electrification than attraction. 


1.6. Instrument for detection of electric charge : 


A gold-leaf electroscope is a suitable instrument for detecting as well as 
ascertaining the nature of charge in a body. 
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Description: Fig. 1.2. shows a form of a gold-leaf electroscope. Two 
thin strips of gold-leaf (L,L) are fastened at one end of a 
long narrow rod (P) of metal, The rod passes into a 
metal vessel with glass window, through an ebonite plug 
which closes the mouth of the vessel. The leaves may 
be made of any light metal like aluminium instead of 
gold. There is a metal disc D attached to the end 
of the rod P projecting out of the vessel. In some 
instruments, a knob is given instead of a disc. 
Two tin-foils (t,t) are pasted along the glass wall of the 
vessel opposite to the leaves and the foils are in contact 
with the metallic base of the vessel. Some calcium chloride, 
which is a drying agent, is kept in a pot inside the vessel 
to keep the air dry. Moist air creates disturbance in the 
working of the leaves. 


Charging the electroscope by conduction : In order to charge the gold-leaf 
electroscope, say positively, by conduction, the metal disc D is touched by a glass 
rod rubbed with silk. Some of the positive charge of the glass rod flows on to 
and distributes itself over the gold-leaf and the supporting rod. When the glass 
rod is taken away, the electroscope retains its acquired charge, which distributing 
itself more or less uniformly over the leaves, causes the leaves to stand out as shown 
in fig 1.2. In this way, a gold-leaf electroscope may be charged positively by 
conduction. The more charge given to the electroscope, the higher the gold- 
leaves are repelled. 

To charge the electroscope negatively, an ebonite rod rubbed with flannel, 
is similarly brought in contact with the disc D. Some of the negative charge of 
the ebonite rod will flow to the leaves which will remain diverged. 

This method of charging an electroscope has, however, one serious disadvan- 
tage. If the charged rod contains too much of charge, then immediately after 
contact, the leaves will diverge so much that they may fall down from the support. 
Further, this method often gives charge opposite to that expected. It is better 
to use the method of induction which is described later. 


Use of gold-leaf electroscope : To detect the presence of charge on a body, 
the body is brought near the disc of an electroscope. If the body is charged, 
the leaves of the electroscope will diverge and from the amount of divergence, an 
approximate idea of the intensity of charge may be obtained. If the body is 
uncharged the leaves will not diverge. 

To ascertain the sign of charge on a body, a charged gold-leaf electroscope 
is to be taken. Suppose, we take a positively charged gold-leaf electroscope, 
whose leaves stand out being repelled by positive charges. If, now, the charged 
body under examination, be brought near the disc D of the electroscope and an 
increased divergence of the leaves is observed, the inference is that the body has 
the same type of charge as the electroscope. On the other hand, a decrease in 
the divergence indicates that the body has opposite type of charge as the 
electroscope, : 


Fig. 1.2 


ar 
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Similar experiments may be done with an electroscope charged initially 
with negative charge. 

From these experiments we may conclude that an increase in divergence of 
the leaves indicates that the charge on the electroscope and the test charge are of the 


same kind. 

We can not assume, however, that a decrease in divergence necessarily 
means that the charge on the electroscope and the test charge are of opposite 
kind. An uncharged body brought near the cap of an electroscope, produces a 
decrease in the divergence. It follows that the only sure test for the sign of charge 
on a body is to secure an increased divergence. The results may be summarised 


in a table as shown below. 
ein ee eee ee 


Effect on diver- 
gence of the leaves 


Charge on. the Charge under test 


electroscope 
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1.7. Friction produces both kinds of electricity in equal amount : 


there is simultaneous development 


In the process of rubbing or friction, 
It is demonstrated by the following 


of both kinds of electricity in equal quantities. 
simple experiment. [Fig. 1.3] 

An ebonite rod with a flannel cap 
cap is provided with a silk thread so that by 
pulling the thread the cap can be separated 
from the rod without touching the rod with hand. 
Both are well dried and the cap is then smartly 
rubbed around the rod. The combination is 
then presented before a gold-leaf electroscope. Fig. 1.3 
The leaves of the electroscope do not diverge. 

Now remove the cap by pulling the thread and present the ebonite rod and 
the cap separately to the electroscope. The leaves diverge equally in both cases 
showing that the rod and the cap are charged with equal amount of 
elecisicity. 

Furthe;; that the ele 
kind is proved by the fact that when they are brought together before the electro- 
scope, no divergence of leaves is produced. The effect of one is evidently 


neutralised by that of the other. 
Ph. II—15 


fitting at one of its ends is taken. The 


EBONITEROD ‘FLANNEL CAP 


ctricities developed in the rod and the cap are of opposite . 
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1.8. Proof-plane ; 
ge on a body and for some other 


To detect the presence of char 
purposes, transference of some charge from a charged body 


to the electroscope is necessary. In this respect, a proof- 
plane is very helpful. . It consists of a small metallic disc provided 
with an insulating handle made of ebonite, glass or any other 
insulator (Fig. 1.4). When the disc is brought in contact with 
a charged body, it collects some charge from the body. Then 
it is presented before the disc of a gold-leaf electroscope. The 
leaves diverge and indicate that the body under test is charged. 
Proof-plane is generally used if a body is heavily charged or 


Fig. 1.4 if the body cannot be conveniently moved. 


1.9. Electronic theory of electricity : 

‘Theories were advanced from time to time to explain different phenomena 
exhibited by electrified bodies. Superseding all of them, the present accepted 
theory which is due to the celebrated physicist Sir J.J. Thomson and others, is 
known as the electronic theory. 

The charging of bodies and other allied phenomena are now understood in 
terms of the structure of the atoms composing the body. Every atom consists 
of a compact central nucleus carrying a positive charge, around which are dis- 
tributed a number of electrons, each negatively charged (Fig. 1.5. The nucleus 


owes its positive charge to the fact that it con- ELECTRON 

tains particles called protons. All protons E 

are alike and all carry the same amóunt of-4- / s 
, * 


charge. All electrons are alike and each 
carries à —charge, equal in. amount to the 


LLL 


-charge of a proton. Besides protons, nucleus NUCLEUS 
of an atom also contains neutrons which are M ; 
uncharged particles. In its normal condition, PST. a" 
the atom is electrically neutral—there are MEUM “ATOM 
as many electrons outside the nucleus as there Fig. 1.5 


are protons init. Atoms of different elements contain different number of electrons 
which revolve in different shells about their respective nuclei. The simplest 
atom—the hydrogen atom—contains one electron outside the nucleus and one 
proton in the nucleus. The atom of the second element—helium—has two extra- 
nuclear electrons and two protons and two neutrons in the nucleus. Generally, 
the atomic number of an element signifies the number of electrons or protons in 
the atom and the mass number signifies the total number of particles in the nucleus. 
For example, if Z be the atomic number of an element, its atom consists 
of Z number of electrons outside the nucleus or Z number of protons 
in its nucleus. If again, A be the mass number of the atom its nucleus contains A 
number of particles (protons--neutrons) Hence, the number of neutrons in 
its nucleus— A —Z. 

Each atom, in its normal condition, contains as many electrons as there are 


adi ding a SUE in 
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protons in the nucleus. The particles in the nucleus are attracted to each other 
with a great force and it is not easy to disrupt them. Such is not the case with 
the electrons which can be detached from an atom by easy means, If, somehow, 
an atom holds more or less than its normal number of electrons, the atom becomes 
charged with negative or positive electricity respectively. This, in brief, is the 
electronic theory of electricity [for details, see Modern Physics at the end.]. 

Electron exists in the atom of every element. It is a fundamental constituent 
of matter. It is the lightest of all particles, having the minimum amount of electric 
charge. Its mass is 9x 10-?* gm. and charge is 48036 x 1071? e.s.u. This charge, 
being the smallest of all known charges, is considered as a unit. 

1.10. Explanation of frictional electricity according to the electronic theory : 

Every atom, it has been pointed out earlier, contains requisite number of elec- 
trons to neutralise the positive charge of its nucleus. But it has been found that 
an atom has a tendency to attract, at the same time, an additional number of electrons 
over the normal quota. This tendency is of course, different in different atoms. 
So, when two different meterials, such as glass and silk, are put in good contact by 
rubbing, the glass gives up some electrons to the silk because silk has greater 
tendency of attracting electrons than glass. Thus, the silk now has a negative 
charge while the glass has a deficiency of negative charge which means it has a 
positive charge. Charges are, therefore, not produced by rubbing ; they are merely 
separated out, Similarly when an ebonite rod is rubbed with flannel, electrons 
from flannel flow to ebonite because ebonite has a greater tendency of attracting 
electrons than flannel. As a result, ebonite rod becomes negatively charged and 
the flannel positively. 

We also know that due to rubbing, equal amounts of opposite charges are 
developed. This is also apparent from the above theory because the number of 
electrons lost by one body is equal to the number gained by the other. Hence, 
opposite charges of equal amount will be developed in two bodies when they are 
rubbed. 

The difference between a conductor and an insulator, according to the 
electronic theory, is that an atom of a conductor possesses a large number of free 
electrons which are capable of random motion like the molecules of a gas while 
in the atom of an insulator, there are practically no free electrons. 

111. Electrostatic induction : 

In studying magnetism, it was found that a piece of iron could become a 
magnet by induction merely by being brought near a permanent magnet. Ina 
similar way, charges can be induced in a neutral body by bringing it near a 
charged one. This phenomenon is known as electrostatic induction. 


Charge a glass rod A with positive 


electricity by rubbing it with silk and A c 
hold it near an uncharged . conductor BC 

[Fig. 1.6.(a)]. The conductor BC will be 
charged by induction by the charge of the 

rod A. It can be proved by the following ; 


experiment, Fig. 1.6(2) 
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Bring a proof-plane in contact with the end B of the conductor and then present 
the proof-plane near the disc of an uncharged gold-leaf electroscope. The leaves 
of the electroscope will diverge, showing that the end Bis charged. If the end C 
is similarly tested, it will also be found to be charged. But if the proof-plane be 
touched at the middle of the conductor BC and then brought near an uncharged 
electroscope, the leaves will not diverge. From this we may conclude that due to 
induction both the ends of the conductor BC get electrified but there is no electri- 
fication at the middle of the conductor. 

Now, the question arises as to what kind of charge the ends B and C get if 
the glass rod A is positively charged ? The answer may be obtained from the 
following experiment. 

Take a negatively charged gold-leaf electroscope. Keeping the charged 
rod A near the conductor BC, touch a proof-plane at the end B and then bring 
it near the electroscope. The divergence of the leaves will be found to increase, 
indicating that the end B has got negative charge i.e. charge opposite to that of 
the glass rod. When the proof-plane is touched at the end C and then presented 
before a positively charged gold-leaf electroscope, the divergence of the leaves 

will increase, showing that the end C is charged 
positively. If, instead of the glass rod, an 


EBONITE, B C 
ROD ebonite rod rubbed with flannel be held 
near the conductor BC, the end B will get 
positive charge and the end C negative charge 
due to induction [Fig. 1.6. (b)], because 


the ebonite rod, when rubbed with flannel 
Fig. 1.6(b) carries negative charge. 

From the above experiments we can generalise by saying that the end of 
the conductor nearer the charged body acquires charge opposite to the charged body 
and the end remote from the charged body, acquires charges similar to the charged 
body, and that there will be no charge at the middle of the conductor. 

Explanation according to electronic theory : 

The production of charge due to induction can be easily explained by elec- 
tronic theory. Every conductor contains a large number of free electrons which 
normally move from one atom to another. In the first experiment, the positive 
charge of the glass rod A attracts the free electrons of the conductor to the end B, 
which, therefore, gets a surplus of electrons and becomes negatively charged. 
Due to arrival of surplus electrons at the end B, there occurs a deficiency of electrons 
at the other end C, which, therefore, gets positive charge. 

In the second experiment, the negative charge of the ebonite rod repels the 
free electrons from the end B to the end C, creating a surplus of electrons at the 
‘end C and a deficiency at the end B. Consequently, the end B acquires positive 
charge and the end C negative charge. : 


1.12. Inducing and induced charges: Free and bound charges : 


In the above experiments, the charge of the glass rod or.of the ebonite 
rod, which causes induction in the conductor BC, is called the inducing charge. 
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The charge that the conductor BC acquires under the influence of the charged 
rod, is called the induced charge. 

Again the charge developed at the furthest end C is often called free induced 
charge and that at the near end B, is called bound induced charge. The significance 
of their calling so, is that if the end C is momentarily touched with a finger, the 
charge at C is at once removed but the charge at B is held bound by the opposite 
charge of the inducing body. 

Generally, the amount of induced charge is less than that of the inducing 
charge ; but under certain circumstances, they may be equal (see ‘Faraday’s 
ice-pail experiment in art 1,15). 

1.13. Induction develops simultaneously both kinds of electricity in equal 
amounts : : 

Two metal spheres B and C, supported on insulating stands, are 
touching each other when a positively charged rod A is brought close to one 
of them (Fig. 1.7. Induction of charge will take 


place in the spheres B and C. If the sphere C is now X 
moved away and then the rod A is removed from the za X + 
vicinity, both spheres are found to be charged, the DAN 
sphere B negatively and the sphere C positively. : | 

Now, again bring the spheres in contact with each | 
other and keep the charged rod A in their vicinity for 
some time, and then remove the rod. On examination i 
it will be seen that neither of the spheres has any Fig. 1.7 


charge. The negative charge of the sphere B has completely neutralised: the 
positive charge of the sphere C. This shows that equal amounts of charge were 
induced in the spheres. I 

1.14. Induction precedes attraction : 

We know that a charged body attracts an uncharged body. What is the 
reason of this attraction ? 

When the uncharged body is brought near a charged body, induction takes 
place, the end of the uncharged body nearest to the charged body getting opposite 
kind of charge and the end remote from the charged body getting similar kind 
of charge. The attraction between the two nearer opposite charges is evidently 
greater than the repulsion between the two further similar charges. As a result 
the inducing body attracts the induced body. This is why it is said that induction 
precedes attraction. It may be pointed out in this connection that similar thing 
happens in the case of magnets also. 

1.15. Faraday's ice-pail experiment : 

Faraday established some important facts in connection with electrostatic 
induction by an experiment, which, later on, came to be known as Faraday's 
ice-pail experiment, although the experiment proper had nothing to do with ice. 
The facts he established were :—(i) Induction develops simultaneously both 
kinds of electricity in equal amounts and (ii) When the induction is complete, i.e. 
when the induced body is completely covered by the inducing body, the induced 
charge becomes equal to the inducing charge. 
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: A hollow metal container (an ice pail) is placed on an insulating 
stand Band a gold-leaf electroscope (D) is connected to the container by connecting 
wires [Fig. 1.8(i)]. A metallic ball A is charged positively from another source and 
then lowered into the pail. It will beseen that as the ball enters the pail the leaves 
of the electroscope begin to diverge more and more [Fig. 1.8())). When the ball 
A is well within the pail, the divergence of the leaves becomes the greatest. Upon 


10] Gi) (ii) 
Fig. 1.8 


moving the ball around inside the pail, no change in the divergence is shown by 
the electroscope leaves. In this condition, the induction is said to be complete 
or full Due to induction the inside surface of the pail acquires negative 
charge and the outside surface positive charge. The electroscope, being in direct 
contact with the outside surface of the pail shares the positive charge and its 
leaves diverge. To test whether the electroscope has actually shared the positive 
charge, a positively charged proof-plane may be brought in the vicinity of the 
disc D of the electroscope, in which case an increased divergence of its leaves will 
be noticed. This proves conclusively that some of the positive charge of the outside 
surface of the pail has flown to the electroscope. 


Now, touch the pail momentarily with fingers. The free induced positive 
charge on the outside surface will at once go to the earth. Consequently, the 
leaves of the electroscope will collapse. [Fig. 1.8(ii)]. But the bound induced 
negative charge on the inside surface of the container remains. Now, remove 
the ball 4, without touching the pail. According to the laws of induction, the 
bound induced negative charge should now distribute itself over the whole of the 
pail and also over the electroscope. Actually, the leaves of the electroscope are 
found to diverge again and this divergence is equal to the previous divergence 
[Fig. 1.8(ii)]. That the electroscope has now actually acquired negative charge 
can be shown by a proof-plane in a manner described earlier. So, this experiment 
proves that induction develops simultaneously two kinds of charges in equal 
amounts. 


To establish the second part, discharge the electroscope by momentarily 
touching it with fingers. The leaves of the electroscope will collapse. Again 
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insert the positively charged ball A inside the pail. The leaves of the 
electroscope will diverge more and more until 
when the ball A is well within the pail, the divergence 
becomes maximum. The induction now, becomes com- 
plete. If the pail is now touched with fingers, the free 
induced positive charge on the outside surface goes to the 
earth and leaves of the electroscope collapse. The bound 
induced negative charge on the inside surface of the pail 
remains. Now touch the ball 4 with the inside surface 
(Fig. 1.9). The leaves of the gold-leaf electroscope will 
remain collapsed as before. After the ball A has been 
removed, the inner surface of the pail and the ball are 
found to be completely free of charge. The positive charge 
of the ball 4 and the induced negative charge on the inner Fig. 1.9 
surface of the pail have neutralised each other, showing that the inducing charge 
is equal to the induced charge, when the induction is complete. 


Comparison and collection of charges: Faraday’s ice-pail experiment 
affords us a method of comparing quantities of electric charges. The experiment 
shows that if a charged body is lowered well inside a tall, narrow cylindrical vessel 
then it gives to the outside of the vessel a charge equal to its own. If the vessel 
is connected to the cap of an electroscope, the divergence of the leaves is a measure 
of the charge on the body. Thus, we can compare the magnitude of charges, 
without removing them from the bodies which carry them ; we merely lower those 
bodies, in turn, into a tall insulated vessel, connected to an electroscope and 
observe the divergence of the leaves in two cases. 


Sometimes we may wish to discharge a conductor completely, without letting 
its charge run to the earth. We can do. this by letting the conductor touch the 
bottom of a tall can on an insulating stand. The whole of the body's charge 
is then transferred to the outside of the can. j 


1.16. Comparison between magnetic and electrostatic induction : 


(i) As magnetic induction develops two opposite kinds of polarity, so in 
electrostatic induction, two opposite kinds of charge are developed, 


(i) In the case of electrostatic induction the induced charge disappears as 
soon as the inducing body is removed but in the case of magnetic induction, the 
induced magnetism lingers for some time. 


(iii) In the case of electrostatic induction, the induced body should be kept 
separated from the inducing body but magnetic induction takes place even when 
the two are in contact. 


(iv) In electrostatic induction, the two opposite kinds of induced charges 
may be separated from each other but in magnetic induction, the two opposite 
kinds of induced polarities can not be separated from each other, 
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1.17. Charging a gold-leaf electroscope by induction : 


In the following way, a gold-leaf electroscope may be charged either positively 
or negatively by induction. 


(A) Charging positively: (i Charge an ebonite rod (A) negatively by 
rubbing it with flannel and bring the rod near the disc (D) of the electroscope to 
A, A be charged. The free electrons 


up of the disc will be repelled to the 
Z leaves by the surplus electrons 
z of the rod A. The disc, having 


thus a deficiency of electrons, 
acquires positive charge and 
the leaves having an excess of 
electrons, acquire negative 
charge. The leaves, as a result, 
diverge [Fig. 1.10(1)]. 
G) (ii) (iii) (ii) Keeping the rod A in 
Fig. 1.10 its position, touch the disc D of 
the electroscope momentarily by hand. The surplus electrons of the leaves will, at 
once, be repelled to the ground and the leaves will collapse [Fig. 1.10(ii)]. 


(iii) Now, remove the rod A. The bound positive charge on the disc D 
will now distribute itself over the electroscope and the leaves getting this charge, 
will again diverge [Fig. 1.10(iii)]. 


In this way, with the help of a negatively charged rod an electroscope may 
be charged positively by induction. 


(B) Charging negatively : (i) Charge a glass rod (A) positively by rubbing 
it with silk and hold it near the disc (D) of an electroscope. The positive charge 
of the rod will attract the free electrons of the electroscope to its disc. As a result 
there will be a surplus of electrons in the disc D, which will, therefore, get negative 
charge and the leaves, having a deficiency of electrons, get positive charge. The 
leaves of the electroscope, con- 
sequently, diverge [Fig. 1.11(i)]. 

(ii) Keeping the rod A 
in its position, touch the disc 
of the electroscope for a 
moment. The leaves will 
attract electrons from the 
ground and will have its 
positive charge  neutralised. 
The leaves will then collapse 
[Fig. 1.11(i)]. [0] (i) (ii) 

Gii) Now, remove the Fig. 1.11 
rod A. The bound negative charge of the disc distributes itself throughout 
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the electroscope, and the leaves, getting this negative charge, diverge again 
[Fig. 1.11(iii)]. 

In this way, with the help of a positively charged rod, an electroscope may 
be charged negatively by induction. From the above method of charging a body 
by induction, one thing is apparent viz., the induced body gets charge opposite to 
the charge of the inducing body. 


1.18. Function of the tin plates of a gold-leaf electroscope : 


In describing a gold-leaf electroscope (art 1.6), it has been said that a pair of 
tin plates are pasted along the wall of the vessel in front of the leaves. What is 
the function of these plates ? 

When the gold-leaf electroscope is charged by induction, the leaves acquire 
similar kinds of charge. The leaves, in their turn, induce opposite charges on 
the respective tin plates and similar charges on the outside surface of the vessel. 
The charges on the outside surface go to the ground because the outside surface 
is in contact with the ground. Consequently the opposite induced charges on the 
tin plate attract the gold-leaves and help to produce appreciable divergence of 
the leaves. This makes the instrument sensitive. In fig. 1.10 the leaves have been 
shown to acquire positive charge and the tin plates negative charge. In Fig. 1.11, 
however, the leaves, have got negative charge and the tin plates positive charge. 
In both cases attraction between the plates and the leaves takes place and the diver- 
gence becomes appreciable. 


1.19. Effect of a charged rod on a charged gold-leaf electroscope : 

In art 1.6, it has been described how a gold-leaf electroscope can be used 
to test the sign of the charge on a body. It may be recalled that a charge of 
the same kind as that on the electroscope causes an increase while a charge of 
opposite kind causes a decrease in the divergence of the leaves. We can now 
explain this in terms of the electronic theory. 
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Fig. 1.12 
Take the fig. 1.12. A negatively charged rod A has been placed in the 
vicinity of a negatively charged electroscope and the figure shows how the divergence 
of the leaves has increased. In the same way, the divergence will increase if 
positively charged rod is brought close to the disc of a positively charged elec- 
troscope. 
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But fig. 1.13 shows what happens when a strong negative charge is brought 
near the disc of a positively charged electroscope. When the charged rod A is 
high above the disc D, some of the free electrons of the disc will be repelled to 
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Fig. 1.13 í 


the leaves, which will partly neutralise the positive charge of the leaves. So, the 
leaves will collapse a little [Fig. 1.13(ii)]. As the charged rod is gradually lowered 
more electrons will be repelled to the leaves, until eventually the leaves collapse 
completely [Fig. 1.13(iii)], when the positive charge of the leaves becomes exactly 
neutralised. After this stage has been reached, a further lowering of the charged 
rod A will cause the leaves to diverge again, since the leaves now acquire an excess 
of electrons [Fig. 1.13(iv)]. 

It is, therefore, clear that a charged body should be brought from a sufficient 
height slowly down towards the disc of a gold-leaf electroscope so that the initial 
decrease in the divergence of the leaves (if any) may not be overlooked. Other- 
wise, if the observer notices only the final increase in divergence, he may be led 
to the wrong conclusion that the charge under test and the electroscope charge are 
of the same kind although, in reality, the charges are of opposite sign. 


1.20. Charge resides only upon the outer surface of a conductor : 


Whenever a conductor is charged it is found that the charge resides only on 
the outer surface of the conductor. Faraday performed a classic experiment in 
this connection. He prepared a cubical box, having each side 12ft. long. He 
wrapped the outside of the box with tin plate. Faraday, then entered the box 
with some instruments suitable for detecting electric charge and closed the door. 
The box was, thereafter, charged by an external source so heavily that long 
electric sparks came out from the tin plate ; but Faraday did not find any trace 
of electricity inside the box. 

The effect can also be demonstrated in the laboratory by the following 
experiments : 

(1) Faraday's butterfly net experiment : A conical shaped muslin or cotton 
bag A is fastened to a brass ring as shown in the fig. 1.14. The arrangement is 
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held on an insulating stand. Two silk threads are attached to the apex of the net 
so that with their help, the net can be pulled inside ` 
out. The net is strongly electrified. A proof- 
plane is brought in contact with the inside surface 
of the net. The proof-plane shows no sign of electri- 
fication when brought near the disc of an electros- 
cope. When the same proof-plane touches the outer 
surface of the net, it shows that the outer surface 
is strongly charged. 
The net is then pulled inside out, so that the Fig. 1.14 

outer surface now becomes the inner surface of the net. When the proof-plane 
touches the new inner surface of the net, it shows no sign of electrification but 
the new outer surface, on being tested: by the proof-plane, is found to be strongly 
charged. 


[N.B. When Faraday performed the experiment, he used a butterfly net. Hence the name 
of the experiment.] 


(2) Biot's experiment : 4 is a metallic sphere, supported by an insulating 
stand D. B and C are two thin hemispherical cups which fit exactly round the 
sphere A. Insulating handles 
are provided to each of the 
hemispherical cups [Fig. 1.15(a)]. 
Thesphere A is first charged and 
afterwards the hemispheres are 
fitted over it but no contact is 
made between the hemispheres 
and the sphere A. On removing 
the hemispheres by insulating 
handles, they are found to have 
no charge, all the charge, being 
retained by the sphere 4. 


Again the hemispheres are fitted over the sphere A and now contact is made 
between the two. On removing the hemispheres, they are found to be charged 


Fig. 1.15 (a) 
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Fig. 1.15 (b) 


but no charge, at all, remains on the sphere 4. All the charge on the sphere A 
must have passed to the hemispheres [Fig. 1.15(b)]. What is the reason of it ? 
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_ When the hemispheres fully cover the sphere A and contact is made between 
them, they all constitute a single conductor whose outer surface is the outer surface 
of the hemispheres. The charge, therefore, leaves the inner sphere A and spreads 

~ over the outer surface of the hemispheres. 


(3) Experiment with a hollow conductor : A deep metallic can A rests on 
an insulating stand (Fig. 1.16). The can is strongly charged with positive electri- 
city. A proof-plane is now made to touch the inside surface of the can and is 
then presented before the disc of an electroscope. The proof-plane shows no 
sign of electrification proving that here is no charge 
on the inside surface of the can. The outside surface 
of the can is now tested similarly by the same proof- 
plane. The leaves of the electroscope will be found 
to diverge, showing that charges have passed on to 
the outer surface. 

From the above experiments, it may be said 
that the charge of a conductor resides only on the outer 
surface of it. This fact is very significant because it 
gives a simple way to transfer charge from one body 
to another completely. If a charged body be com- 
pletely covered by a hollow conductor and a contact 

Fig. 1.16 is made between them, the charge will at once leave 
the inner body and will spread over the outer surface of the hollow conductor. 


++ + + 
+ +D>+ + 


1.21. Electric screen : 


Electric screens can be produced in order to protect a covered space against 
the influence of electric charge by the above property of charges viz. that the 
charges reside only on the outer surface of a conductor. The following experiment 
will illustrate the electrical screening very well. 

A cage, made of copper wire-gauge rests on an insulating stand A (Fig. 1.17). 
A gold-leaf electroscope (uncharged) is kept inside the case. 
If now, a charged rod be brought near the cage, the leaves 
of the electroscope will exhibit no divergence. Even if 
the cage itself is charged, the electroscope will remain 
unaffected. The reason is that the charge resides only on 
the outer surface of the cage and the interior of the cage 
is free from any charge. 

In this way, sensitive electrical instruments are pro- 
tected against the damaging effect of stray and sudden 
charges of external source. Magnetic screens, it may be 
mentioned in this connection, may also be produced. 


1.22. Distribution of charge on a conductor and surface density of charge : 
When static charges are acquired by a non-conductor like hard rubber, 
glass or amber, they remain where they were first located. When a conductor like 
Copper, acquires a charge, the charge quickly spreads over the entire surface, 
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With a metallic sphere, whether solid or hollow, the charge spreads uniformly 
over the surface. In the case of conductors of other shape, the charge 
distributes itself according to surface curvature, concentrating more at points 
and less where the walls are more nearly straight. 


Fig. 1.18 
Fig. 1.18 shows qualitatively how charges will distribute over the surfaces 
of different shapes. The distance of the dotted lines from any point on the surface 
of each conductor represents the concentration of charge at that point. The 
last conductor being spherical, the distribution of charge over the surface is uniform 
but in other two cases, it is not so. 


Definition : When a conductor is charged with electricity, the amount of 
charge per unit area of the surface of the conductor surrounding a point measures 
the electric surface-density at that point. 

In the case of a spherical conductor, the distribution of charge over its 
surface, as we have seen, is uniform and therefore its surface-density of charge is 
everywhere the same. If r be the radius of the sphere and Q be the total charge 


o 
given to it, its surface-density of charge 2 i 


E 1 X 
From the above expression, we see that c oc = Now is called . the 


curvature of the surface at a point. This we see that c is directly proportional to 
the square of the curvature. This result holds good for conductors of any 
shape. 

The following experiment shows that the surface- 
density of charge at different points on the surface of 
an irregularly shaped body is different. B 

Experiment : AB is a pear-shaped conductor 
charged with electricity. The curvature of the surface 
near the point B is greater than that near the point 4 
(Fig. 1.19). If a proof-plane be touched at different 
points of the conductor, it will collect charges accord- 
ing to the surface-density of charge there. If the Fig. 1.19 
proof-plane be now held near the disc of an electroscope, the amount of divergence 
of the leaves will give an approximate idea of the surface-density of charge at 
those points. If experiment is carried out in this way, it will be seen that the 
divergence is less in the case of A than in the case of B. This proves that concen- 
tration of charge is more at curved points than at straight points. 
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In performing the above experiment care should be taken in following res- 
pects :—(i) Every time, the proof-plane should be discharged before it is made 
to touch a new point on the surface of the conductor, (ii) Every time, the proof- 
plane should be held at equal distance from the disc of the electroscope. (iii) Pre- 
ferably, a number of proof-planes be used, instead of asingle one. (iv) The 
areas of all the proof-planes should be equal and the surfaces of the proof-planes 
should be so curved that they may fit exactly at different curvatures of the 
surface. 


Example : A sphere of radius 4 cm. is charged with 182 units of electricity. 
What is its surface density of charge ? 


L ; Here Q—182 units and r=4 cm. 
mr 


Ans. Surface density of charge o— n 


1822  — 182x7 


So e ui ec 
UTRXABRX( 4x22x16 


=0°9 units/cm* 


1.23. Action of points : 


We have seen in the preceding article that electric charge is more concent- 
rated at places on the surface which are more curved. If the place is very pointed 
and sharp, high concentration of electricity will take place at the point. It 
will then charge the molecules of airin the vicinity of the pointed end with 
opposite kind of charge due to induction and will attract the air molecules 
towards it. Due to this attraction, the air molecules will fall upon the pointed 
end with the result that the charge on the point is reduced. In this way, the pointed 
end of a charged conductor loses charge. This process is known as electric dis- 
charge. So a conductor which is required to retain tis charge for a long time should 
be rounded and without any sharp point. 


i The attracted air molecules, on contact with the point, acquire the same 
kind of charge as the point and are then repelled. The following experiments 
very well illustrate the above action of points. 


(1) Electric wind : The conductor A has a sharp point in front of which 
stands a candle flame. When the conductor is 
A uncharged, the flame is straight. If the conductor 
is now charged strongly by an electric machine, 
the flame will be deflected [Fig. 1.20]. What is the 
reason of it ? 

Electric discharge takes place from the pointed 
end of the conductor A and the surrounding air 
molecules, falling on the pointed end, are charged 

Fig. 1.20 with the same kind of charge as the conductor and 
are repelled away. Some of the uncharged air molecules, in the vicinity, also 
join the current and produce a strong draught which deflects the candle flame. 
This sort of air current is known as electric wind. 


and the resulting reaction on the wires causes the wheel to 
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(2) Electric whirl: A conductor P (Fig. 1.21) consists of several wires 
arranged as the spoke of a wheel having their ends bent at 
right angles. When connected to an electric machine, 
an electric wind streams out from the ends of the wires 


rotate in the opposite direction. 


1.24. Lightning conductor : 


Lightning conductors are used to protect a building Fig. 1.21 
from lightning damage. It consists of a pointed conductor 
(R) placed at the top of a structure and connected by a heavy wire to a metal 
plate buried in moist earth (Fig. 1.22). The top end of the conductor may 
contain a number of pointed ends. It is also called lightning arrester. 


Suppose a positively charged cloud passes over a house. Its attraction 
makes electrons flow up to the rod from the earth. On reaching the pointed end, 
the electrons leak off and quietly neutralise the charge of the 
cloud before it can cause damage by suddenly finding path to 
earth through the structure itself. 


A good lightning conductor should have the following 
requisites : 

(i) The rod must not melt due to heat resulting from 
electric discharge. 

(ii) The top end of the rod should consist of one or 
more than one pointed end. 


(iii) From the pointed end to the earth, the rod should 
be continuous. It should be buried deep into the earth. 


Without the protection of a lightning arrester, the 
lightning usually strikes the highest point of a building and 
the current passes to the earth through the path of least resis- 
tance. Considerable heat is produced by the passage of the 
current and masonary tends to split open due to the sudden 
Fig. 1.22 expansion of steam from the moisture contained in it. 


In a lightning storm, the following are the safe places : (i). a steel frame 
building (ii) a building provided with lightning arrester (iii) an automobile 
or a shed with an earthed metal roof. One should always keep away from isolated 
trees, wall, telegraph or telephone posts, wire fencing etc. 

It may be pointed out in this connection that lightning and thunder take 
place simultaneously. But as the sound velocity is much less compared to light 
velocity, we hear the sound long after the flash is seen. For this reason, it is 
commonly said that if one hears the thunder, one is sa ved from being thunder-struck, 
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Exercises 


Essay type : 
plete Bi ht à 

1. What isan electroscope ? Describe and explain the action of a gold-leaf electroscope. 
How would you charge it by conduction ? 

2. Describe the construction of a gold-leaf electroscope. You are given an electroscope, 
an ebonite rod and some flannel. How could you detect with these things (i) the existence of 
charge and (ii) the sign of the charge in a body ? [H. S. Exam. 1978] 

3. How could you prove that equal charges of opposite sign are produced by friction ? 

[H. S. Exam. 1978] 

4. What is an electron ? Explain the electronic theory of electrification. Explain the 
process of electrification by rubbing with the help of this theory. 

5. What is electrostatic induction ? “Induction precedes attraction"—explain the 
statement. How has the phenomenon been explained with the help of electronic theory ? 

[H. S. Exam. 1982, 84] 

6. What is electrostatic induction ? Prove, by experiment, that the nearer end of the 
induced body gets opposite charge and the furthest end similar charge as the inducing body. 

7. What are bound and free charges ? Why are they so called ? Prove by an experiment 
that induction develops simultaneously both kinds of electricity in equal amounts. 

8. There are two metallic spheres at the end of two insulated rods. The rods are movable. 
Describe a process by which the spheres may be given equal but opposite charges. Ycu can use 
a glass rod rubbed with silk but you cannot touch the spheres with the rod. 

9. Describe Faraday’s ice-pail experiment. Mention the conclusions arrived at. 

10. There is a conductor A placed on an insulating stand. How would you charge the 
conductor A by means of a negatively charged body B with (i) positive charge and (ii) negative 
charge ? 

11. Show that the induced charge and the inducing charge are equal when the induction 
is complete. 

12. How would you charge a gold-leaf electroscope by induction ? [H. S. Exam. 1979] 

13. Can a gold-leaf electroscope be charged positively and negatively by an ebonite rod 
and a piece of flannel ? 

14. , "Charge of a charged conductor always resides on the outer surface"—Explain the 
statement with suitable experiment. [H. S. Exam. 1978] 

, 15. A deep metallic can is charged with electricity. A proof-plane is touched on the inner 
surface of the can and is then brought before an uncharged electroscope. Explain, with reason, 
what will happen. 

16. Discuss how electric charge is distributed on the surface of a conductor of any arbitrary 
‘shape. How can this be studied experimentally ? Describe an experiment to show the discharging 
effects of the pointed ends of conductors. [H. S. Exam. 1981] 

17. A conductor which is required to retain charge for a long time should be rounded. 
Why ? Describe some experiments to illustrate the ‘action of points’. 


Short answer type : 
18. What is electrification ? What is static electricity ? 
19. “Repulsion is a surer test of electrification than attraction.” Explain the statement. 
[H. S. Exam. 1979, '82] 


20. Answer the following questions :—(i) Electrostatic experiments usually work poorly 
on days when humidity is very high. Explain why ? (ii) Why is a chain kept dangling on the 
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road from the body of a petrol carrying truck ? (iii) What is the difference between a conductor 
and an insulato. ? (iv) A positively charged glass rod attracts a suspended object. Can we 
conclude that the object is negatively charged? A positively charged glass rod repels a 
suspended object. Can we conclude that the object is positively charged ? 

21. How would you explain the two types of electrification according to the electronic 
theory ? 

22. Why cannot a metallic rod be charged by rubbing if it is held in hand ? What should 
you do to charge the rod ? 

23. Standing on an insulating stand a man touched an insulated but charged conductor. 
Will the conductor lose charge completely ? 


gold leaf electroscope. An insulated positively charged conductor is allowed to go inside the 
box through the hole. Explain the behaviour of the leaves of the electroscope in the following 


cases : 
(i) the box is momentarily earth-connected and the conductor is removed (ii) the box is 


momentarily earth-connected and the conductor is removed after making a contact with the box. 

25. A strongly electrified body can attract another feebly electrified body charged with 
the same kind of electricity. Explain how it is possible ? 

26. A charged ebonite rod is made to touch the disc of a gold leaf electroscope. The 
leaves diverge. But when the rod is removed, the divergence decreases a little. Explain it. 

27. What will happen in the following cases : (a) A positively charged rod is held near 
the disc of a gold leaf electroscope (b) the disc is touched momentarily with hand (c) the charged 
rod is now removed. 

28. A rod strongly charged with negative electricity is brought near the disc of a gold leaf 
electroscope. How would the leaves diverge if (i) the rod is slowly brought down from afar and 
(ii) the rod is quickly brought down from afar. 

29. A needle is mounted vertically, point upwards, on the disc of a gold leaf electroscope, 
the blunt end being in metallic contact with the plate. Whena negatively charged body is brought 
close to the needle point, without touching it, and is then withdrawn, the gold leaf is left with a 
permanent divergence. What is the sign of the charge causing this divergence and how was this 
charge produced ? 

30. A gold leaf electroscope is so constructed that for a few degrees divergence the leaves 
touch the case and are thereby earthed. Describe and explain the behaviour of the leaves when : 

(i) a positively charged, insulated body is brought towards the disc of the electroscope 


until the leaves touch the case. 
(ii) the positively chat ged body is then moved slowly closer to the disc. 


31. Willa solid metal sphere hold a larger quantity of electric charge than a hollow sphere 
of the same diameter ? Where does the charge reside in each case ? 
32. A hollow metallic bcdy of irregular shape has à hole on its surface. The body is 


charged and placed on an insulating stand. You are testing the distribution of charge over the 
surface of the body with the help cf the proof plane and a gold-leaf electroscope. What change 
in the divergence of the leaves would you notice when the proof-plane collects charge from (i) the 
flatter part of the surface (ii) more curved part of the surface (iii) inside the body. 
33. When does a lightning occur 1 How can buildings be protected from lightning ? 
34. What kind of shelter is safe and what kind of shelter is unsafe during a thunder- 


storm ? 


Objective type : 
35. Mark the correct and incorrect statements in the following : 
(a) The difference between a conductor and an insulator, according to electronic theory, 


Ph. 11—16 
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is that the electrons are firmly attached to the atoms of an insulator and they cannot move about 
freely whereas the electrons in a conductor can freely move from one atom to another. 

(b) The end of the conductor nearer à charged body acquires charge same as the charged 
body and the end remote from the charged body acquires charge opposite to the charged body, 
while induction takes place between the charged and the uncharged body. 

(c) If a charged body be brought in contact with the inside surface of hollow conductor, 
the whole charge of the body is transferred to the conductor. 

(d) A conductor which is required to retain charges for a long time, may have a shape 
without very sharp bends. 


Numerical problems : . 

36. A hollow metallic sphere of radius 2 cm. is charged with 20 units of charge. Find 
the surface density of charge (i) on the outer surface of the sphere (ii) on the inner surface of the 
sphere. [Ans. (i) 0-4 units/sq. cm. (nearly) (ii) 0] 

37. A hollow spherical conductor of radius 1 cm. is given 628 units of charge. Calculate 
the surface density of charge (1) on the outer surface and (ii) on the inner surface. 

[Ans. (i) 0-5 units/sq. cm. ; (ii) 0] 

38. How much charge should be given to a sphere of radius 25 cm so as to make the surface 
density charge equal to 5/7 ? [Ans. 12500 units] 
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2.1. Force of attraction or repulsion between two electric charges : Coulomb's 

law : 
It has already been demonstrated that like charges repel and unliké charges 

attract. Nothing that has thus far been said, has indicated just how strong the 
repulsion or attraction might be or how it depends on the magnitude of the charges 
and the distance between them. The first quantitative measurement of the force 
between two charged bodies was made by Charles Augustine Coulomb in 1780. 
He proved experimentally that : 

The force acting between two charges is directly proportional to the product of 
the two charges and in versely proportional to the square of the distance between them. 

Thus, if q, and qa are two charges kept at 4 distance r from each other, [Fig. 
2.1] then, the force F between them according 


to Coulomb's law, is F oq. and Foc —— MUS s CREER — 
qı-42 pH 7 Y d 
qid» 1 qd» 1 Fig. 2.1 
— 5. , Hm hi = Ig. 7. 
Hence Fo 73 or, F Kr where 


is the. constant of proportionality. The value 
of the constant K depends upon the medium concerned and it is called the per- 


mittivity of the medium. 
In air (truly speaking in yacuum) K is supposed to be equal to 1. So, in air 
two charges qı and qa kept separated by a distance 7 will exert a force on each other 


which is given by F th e Pae C) 


: ; : N42 6 . Fair i 
K being | for air, we can unite Fair = —3 and F medium= yog. °° x PG 


Thus, the permittivity of a medium may be defined as the ratio of the force 
of attraction or repulsion between two charges placed in air to the force between the 
same two charges kept at the same distance in the medium. 

[Note : According to the c.g.s. system, the permittivity of vacuum is taken as 1. The 
permittivity of air is 1-000517—almost equal to 1. This is why the permittivity of air, in general, 
is taken as 1. But according to S.I. or M.K.S. units, the permittivity of vacuum is not equal to 1. 
If Ky be the permittivity of vacuum in S. I. system then Ky=}* 107*; Further in the C.g.5. 
system, permittivity is a pure number without any unit but in S.I. or M.K.S. system it has a definite 
unit. This difference arises due to the fact that in S.J. system, the unit of charge is not derived 
from Coulomb’s law but from the unit of electric current. The ‘Coulomb’ in this system is defined 
as follows : 

The charge passing through any section of a conductor per second when 1 amp. of current 


flows through it is defined as 1 Coulomb. 


E 
Now Ko Fr 


In S.I. system, qı and qz are expressed coulomb, the force F in newton and the distance 7 in metre. 
Hence unit of K in vacuum will be (coulomb)*/(newton x metre?) or C*N-'m*} 
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2.2. Electrostatic unit of charge : 

If F—1 dyne, r—1 cm., and q,=q:=4 (say), then from equation (i), we get 
q*?—1 or q—--1 

Definition : An electric charge which repels an identical charge at a distance 
of one centimeter from it in air with.a force of one dyne is said to have a magnitude 


of one electrostatic unit. This is abbreviated as e.s.u. It is also known as 
Statcoulomb. 


Besides e.s.u., there is another unit known as electromagnetic unit (abbrevia- 
ted as e.m.u.) based on the magnetic effect of electric current (vide current electri- 
city). There is also a practical unit of charge known as coulomb which is again the 
unit of charge in M.K.S. system. The following relations should be remembered : 


1 e.m.u. of charge=3 x 101° e.s.u. of charge. 
1 e.m.u. of charge—10 coulombs. 
or, 1 coulomb=3 x 10? e.s.u. of charge. 
Example 1: The charge of an electron is 4:65:« 10719. e.s.u. How much 
is it in e.m.u. and coulomb ? 
Ans. We know, 3x 10!? e.s.u.—1 e.m.u. of charge. 
4-65 x 1019 E i E 10-?? e.m.u. 
i.e. charge of an electron—1:55 x 10-2° e.m.u. 
Again, 3x 10° e.s.u.=1 coulomb. 
S200 465 X 10-2 €.8.u.=4'65 x 10-2 +3 x 1091-55 x 10-2 coulomb 
i.e. charge of an electron=1°55 x 1071? coulomb. 


Example 2 : Two point charges of magnitude 32 units and 36 units are placed 
12 cm. apart in air. What force will act between them ? 


Ans. We know, rah? 


Here, q,—32 units ; 44—36 units; r=12cm. .. FT =8 dynes. 

Example 3 : Two electric charges, one 20 times as strong as the other, exert 
a force of 250 mg. wt. on each other when they are placed 10 cm. apart in air. 
Find the magnitude of each charge. 


250 25x98 
Ans. Here, F—250 mg. wt.=— x 9| ri MBA " 
mg. w i 80 dynes i0 dynes. 


Let q be the magnitude of one charge; the magnitude of the other 
charge=20g. Now, we know, pum 
r 


Here, pa? x98 


dynes : qy=q 5 Go=20g ; r—10 cm. 
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25x98 209xq ak 
107 ioxio ^" dme 


or, q—35 units ; other charge=35 x 20=700 units. 


Example 4 : Suppose you have a large number of identical charges. Any two 
of them at 10 cm. seperation repel with a force of 3 10-5 dyne. If one of them 
is repelled by a group of charges which are at a distance of 10 cm. and the force 
of repulsion is 6: 10~ dyne, how many charges are there in the group ? 


Ans. Suppose, the magnitude of each charge is q. From the first part of 
2 
the question, we may write, 3x 1075 Y So g?=3x10°X (10)?=3 x 107? 
Regarding the second part of the question, let there be ‘n? number of charges 
2 
in the group. So, 6X aaa? 


6x 101x (10)?_ 6 10x (10)" _59 990, 


q? FKIOS 


Example 5: Two pithballs each weighing 0-1 gm. and suspended from a 
point by silk threads 40 cm. long are equally charged and repel each other to a 
distance of 10 cm., between them. What is the charge 
on each ball ? 


Ans. O is the point of suspension. A and B 
are the pith balls [Fig. 2.2]. Resolving tension T 
along and perpendicular to AC we have, 
T cos AOC=mg and T sin AOC=F 


Dividing we get E uan A0CHES 
mg 


or, n= 


oc 
Now AC=22=5 cm. and 


0C—4/(409 — 8)! — V15IS=39'09 cm. . 


5 
—(0 =] B 
F—0:1x980x 39 2:34 dynes 
: q 
FÉ 
If q be the charge on each pith ball, then aoe 


2 
234 or g?=(10)2x 12:34: or. q=351 units. 


Example 6 : Three charges, each of value-q, are placed at the corners of an 
equilateral triangle. A fourth charge Q is placed at the centre of the triangle. 
(i) fQ=-4% will the charges at the corners move towards, the centre or fly away 
from it ? (ii) For what value of Q will the charge remain stationary ? . I.I. T. 1978] 
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Ans. Let us first consider the force experienced by the charge q at 4. The 
charge q at B will exert a force of repulsion F, on it 


> 
2 
along BA such that FL where a—length of each 
a 


arm of the triangle ABC. Similarly, the charge q at 


2 ~i 
C exerts a force of repulsion R= along CA. If F 
a 


be the resultant of these two forces, then, 
F =(F2+-Fy?-+-2F, Fo cos 60°)? 
2 2 
—[(g*ja*y--tjasy-- 22, x 8x gp 
a a* 


(m Ae ra 
= GE —43. E along OA 


-> 
(i) If Q= —q., it will exert a force of attraction F’ on q at A along AO such that 
F'=q°|(OA)*= GR a [04—OB—OC-a|4/3] 

Since F'—F,the charge at the corner q will move towards the centre A. 
Since the same thing will happen to all the corner charges, all the charges will 
move towards O. 

(ii) To keep the charges at the corners stationary, let a charge Q be kept 
at O. It is clear that this charge should be negative and of such value that its 
force of attraction is equal to the resultant force F. Hence, 


2.3. Dielectric constant of a medium : 
If the permittivity of a medium be K and that of vacuum be K,, then the 
dielectric constant of the medium € is given by €= Pea eee medium 
Ky » - > vacuum 
Now, in the c.g.s. system Ky—1 ; so €—K i.e. in the c.g.s. system, the per- 
.mittivity of a medium is numerically equal to its dielectric constant. Hence there 
is practically no difference between these two terms in the c.g.s system. For 
example, the permittivity of mica in this system is 57 ; so the dielectric constant 
of mica is also 5:7. But such is not the case in S. J. or M. K. S. system. In this 
system, K—€.Ky.e. the permittivity of a medium is the product of the permittivity 
of vacuum and the dielectric constant of the medium. For example, if the di- 
electric constant of mica be 57, its permittivity —5:7 x 3 x 10-°=6:3 x 10-10 
C*N-1m-?, 
Since the dielectric constant of a medium is the ratio of two permittivities, 
it is sometimes referred to as relative permittivity. 
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Example 1; A charge of 80 e.s.u. is kept at a distance of 25 cm. from 
another charge of —70 e.s.u. in a medium. If the force of attraction between them 
is 4 dynes, find the dielectric constant of the medium. 

Ans. If K be the permittivity of the medium, then 

Dau ey i 
KC Up. K (25 
_ 80x70 
4x (25)? 

Since in the c.g.s. system the permittivity of a medium is numerically equal 

to its dielectric constant, the dielectric constant of the given medium is 2:25 (nearly) 


—2:25 (nearly) 


Example 2 : Two identical charged spheres are suspended by strings of equal 
length. The strings make an angle of 30° with each other. When suspended in a 
liquid of density 08 gm[cm?, the angle remains the same. What is the dielectric 


constant of the liquid ? The density of the material of the spheres is 6 gmjcm’. 
[7. I. T. 1976] 


Ans. When in air [Fig. 2.4(i)], the following forces are acting on any of the 
two spheres ; (a) weight mg of the sphere. veritically downward (b) force of 
repulsion F=g?/x* where x is the distance between the spheres and (c) the tension T. 


F i 
Since the sphere is at rest, T cos 15°=mg and T sin 15°=F or tan DE WW) 


Tcosib4-B 


i) Fig. 2.4 (ii) 


When immersed in the liquid [Fig. 2.4 (ii)], the upthrust B of displaced liquid 
will act on the sphere vertically upwards. If r be the radius of each sphere and 
c the density of liquid, then B= imr*eg. In this case, T cos 15?-- B—mg and 


Tra PSE, of tab ec D 
mg—B 
From (i) and (ii) we get, 
HE. mg-B DRE M uu; So in 
F mg mg ínr*pg p 16 


[p=density of the material of the spheres] 


n2 ale K=2. 
But yp art 2T] v É 4 or 
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2.4. Electric field : 

We know that bodies with like kinds of electric charge repel each other 
and those with unlike kinds of charge attract even though there appears to be 
nothing in the intervening space. In order to describe these electrostatic forces 
acting across free space, an imaginary invisible medium, called an electric 
field, has been invented. 

Definition : The region surrounding an electric charge where its influence 
is felt is called an electric field of the charge. 

Theoretically, the field extends upto infinity but practically it is found that 
a charge exerts its influence (i.e. a force of attraction or repulsion) over a limited 
region. 

Intensity of the field ; Intensity or strength of the electric field at any point 
is defined as the force which would act upon a unit positive charge if placed at that 
point. The direction of this force gives the direction of the electric field at that 
point. In the C.G.S. system the unit of intensity is ‘dyne’ and in M.K.S. system, 
‘Newton’. 

Suppose, we take a point distant r cm. from a charge q e.s.u. in a medium 
whose di-electric constant is K. If a unit positive charge be placed at that point, 
the force felt by the unit charge, according to Coulomb’s law is given by 


4X1 gq 
S 
D kn dynes. So the intensity of the electric field at that point 


= EA dyne. Since K=1 for air, the intensity at the point in air— E 


This clearly shows that intensity of the electric field varies from point to 
point. If, again a charge of q, e.s.u. be placed at a point in a field where the 
intensity is E dynes/unit charge, the force F on the charge is given by, F= Eg, 
dynes. This shows that the force exerted on a charged body depends on the charge 
of the body and on the intensity of the field. 

It is evident that intensity of electric field is a vector quantity. For this 
reason, it is sometimes called the electric field vector. 

Example 1: What will be the intensity of the field exactly midway 
between two charges+-30 units and--60 units placed 12 cm. apart in air ? 

Ans. The point exactly midway between the charges is evidently 6 cm. 
away Vm each charge. Now, the intensity due to +30 units of charge at 6 cm. 


eway=> oe and its direction is towards 4-60 unit charge. 
Again, the intensity due to+60 units of charge at 6 cm. away= me and its 


direction is towards+30 units charge. 
These two intensities act along the same line but in the opposite directions. 
60 30 30 


(9 or (9: —0:83 dyne in a 


Hence, the resultant intensity at the point— —- 
direction towards+30 unit charge. 
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Example 2: Two point charges of magnitude--4 and+-9 are placed 10 cm. 
apart. Find out the points on the straight line joining them where the force 
experienced by a unit positive charge will be (i) equal and opposite and (ii) equal and 
in the same direction. 

Ans. (i) In order that the force be equal and opposite, the point in question, 
should be situated between the charges because both the charges are positive. 

Suppose x cm.=the distance of the point from+4 unit charge. 

So, (10—x) cn.= » , » ” +9 » ” 


f A eub 9 2 3 
According to the question, xi^ (0-3 orc d0—3 


or, 20—2x=3x JU xsc4qom. 

i.e. the point is 4 cm. from +4 unit charge or 6 cm. from 4-9 unit charge. 

(ii) In order that the force may be equal and in the same direction, the 
point in question should lie on the same side of the charges and nearer to +4 unit 


charge. 
Suppose x cm.—the distance of the point from-+-4 unit charge. 
Then (10+-x) cm. = » » » »» E e » 


" JH of 9 2 3 
According to the question, EUM d63* or, == reme 


or, 20+2x=3x .. x—20 cm. 

i.e. the point is 20 cm. on the left of +4 unit charge or 30 cm. on the left 
of4-9 unit charge. " 

Exampie 3: Two negative charges of unit magnitude each and a positive 
charge q are placed along a straight line. At what position and for what value of 
q, the system will be in equlibrium ? Check whether if it is a stable, unstable or 
neutral equilibrium ? [Jt. Entrance 1985, I. I. T. 1973] 

Ans. The positive charge q must be placed in between the two negative 
charges because in that case the force of attraction due to one negative charge 
may be equal and opposite to that due to the other negative charge and the system 
will be in equilibrium. Let the distance between the negative charges be r and 
the +q charge is placed at a distance x from left hand negative charge [Fig. 2.5]. 


Force of attraction on +q due to the negative charge at ae OE and that due 


i MERE A «d B 
to the negative charge at mum a> 2 
For the equilibrium of the charge +g; P pesas s 
Gxt quie or x-—r—x Or x=5 Fig. 2.5 


x (r—x)? 
For the equilibrium of the charges at A and B, the force of attraction on 

any one of them due to +q will be equal and opposite to the force of repulsion 
qx1l1 1x1 


between them. Hence, GD e q=} unit. 


250 A TEXT BOOK OF PHYSICS 


The equilibrium is unstable because if the charges are sightly displaced. 
they will not return to their previous positions. 
Example 4: Four charges, +q, +q, —q and —q are placed respectively at 
A, B, C and D of a square ABCD. The length of each arm of the square is a. 
Find the intensity of the field at O, the centre of the square. 
> 


, ipei 2r ma s. ; 
Ans. Intensity at O due to +q at A= (40 - —— along OC 


(aj V/2* a 
AGa) (DB [Fig. 2.6]. Intensit at O due to —q at C--L..- c- 
y ga 00) (aj v2* 
e 
= 4 also along OC. 


PAS So the total intensity at O due to these two charges is given 


pep « CMC 
Fig. 2.6 
Similarly, the total intensity at O due to the charge +g at B and —q at 


vr 
by RA a 4 along OC 


-> 
D is rad along OD. 


Now the forces F, and F, are equal and perpendicular to each other. Hence 


the resultant intensity at o4 e pg “y= M and its acts along OE, 
a a a 


the bisector of the 7 COD. 

Example 5 : A pith ball carrying a charge of 1 esu. is suspended by an 
insulated thread of length 50 cm. When a uniform electric field is applied in à 
horizontal direction, the ball is found to deflect by 2 cm. 
from the vertical. If the mass of the ball is 0°5 gm, what is the 
magnitude and direction of the electric field 2 [I. T. T. 1973] 

Ans. Let E dynes be the field intensity. The 
following three forces act on the pith ball at rest: 
(a) mg, the wt. of the ball acting vertically downwards 
(b) Force F due to the electric field acting horizontally 
given by F-Ex e—Ex dyne and (iii) Tension T along the 
thread «2em. 

If 0 be the angle made by the thread with the vertical, 
then, T cos 0—mg-—0:5 x 980—490 mg 

and | Tsin 9=F=E. Fig. 2.7 


E DECR 
. tan 0— — mA LA — 19: 
490 or $0 490 or E-—19:6 dynes 


------000m.—------- 
= 
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2.5. Electric intensity at a point near a charged conductor : 
Consider a sphere of radius r charged with +Q units of electricity [Fig. 2.8]. 
The intensity of the electric field at P infinitely close to the charged conductor is 
the force between the charge Q, considered as if Concentrated at the centre O of 
the sphere and unit positive charge placed at P. 
The distance between these two charges +Q and +1 may be taken 
approximately as 7 and the intensity F is given by 
C 0x17 0 : 
coe A $2-4n) 
Now, let c be the surface-density of charge on the > 


sphere. We have then BARN or, Q—4nzr?c. 
4nr? 


Substituting this value in eqn. (i) we get 
JR, a dg. RR S Fig.2.8 
r? 

The expression for intensity does not involve radius of the sphere but involves 
surface-density of charge. Hence, the above expression for intensity is equally 
true for any charged conductor. Thus, the intensity at the point in air near a 
charged conductor is equal to 4 7 times the charge-density adjoining the point. 
This is known as Coulomb’s law. 

[N.B. For rigorous proof of the law, any advanced book may be con- 
sulted.] 


2.6. Force on a point charge placed on the axis of a uniformly charged thin 
ring : 

Let O be the centre of a fixed thin ring of radius a charged uniformly and let 
Q esu. be a negative point charge placed 
at P on the axis of the ring at a distance r 
from the centre of the ring [Fig. 2.9]. Let 
+qes.u. be the charge per unit length of 
the ring. Consider a small length of the 
ring at A containing a small charge dq. 
The force of attraction on Q due to 


> 
Fig. 2.9 the charge at Ante along PA, where 


x is the distance between A and P. Resolving this force along and perpen- 


Q.dq 


dicular to the axis OP, we get the component along the axis— ae cos 0 


> 
directed along PO. 

The component perpendicular to the axis will be cancelled by an equal and 
opposite component derived from. the force of attraction on Q due toa small 


length at à diametrically opposite point on the ring. Considering the whole 
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ring, therefore, the total force that acts on Q is along the axis directed towards the 
centre O and is given by. 


rA cos 0— ce .Qrdg. 
x? x? x 3 
(r?--a*)® 
Y, 2raq.Qr 
NET. 
(r? p a’)? (r? + a®)? 
where 2raq=total charge on the ring— / dg 
2nxaq. 
(i) If ar, the total force porter 0r or For. This shows that force 


on Q is proportional to r and is directed along the centre of the ring. Hence, 
we can conclude that the charge Q moves along the axis simple harmonically with 
the centre O as the mean position. 

The time-period of the motion is given by, 

T 27 / Displacement. =y r 2 zy rma* ^ q ma* 

Acceleration (2xaq Or)|ma* Q.r.di 0.4 

Where q,=2naq=total charge on the ring and m=the mass of the charge Q. 

(ii) If the charge on the ring and the point charge at P be of the same nature 
i.e. either positive or negative, the force will be a force of repulsion and the point 
charge will move away from the centre along the axis. 

Example : 4 thin fixed ring of radius 1 metre has a positive charge 1x 1075 
coulomb uniformly distributed over it. A particle of mass 0'9 gm. and having a 
negative charge of 1 x 10 coulomb is placed on the axis at a distance of 1 cm. from 
the centre of the ring. Show that the motion of the negatively charged particle is 
approximately simple harmonic. Calculate the time-period of oscillation. 

(1.1.7. 1982] 

Ans. For Ist part see art. 2.6 | 


. d [maè 
Time period of oscillation T=2n4/ — — 
Q.d; 
In the present case, m=0°9 gm; a—100 cm; Q—1x10-* coulomb = 
3x 10? 10-9 e.s.u. and q,—1x 10-°x 3x 10? e.s.u. 


| 
Kin Q99x(1005 yL | 
AT x Beo HPISCIDI 2r 10997063 sec (nearly). 


2.7. Electric potential of a conductor : 

It is known from experiments that if a conductor A is charged with -- ve 
electricity and if an uncharged insulated conductor B be brought in contact with 
the charged conductor, the uncharged conductor B receives a certain amount of 
charge from the conductor A. 

Again if we take two identical spherical conductors, one having greater 
amount of positive charge than the other and make contact between them, then 
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the conductor having greater charge parts with certain amount of its charge which 
is received by the other conductor and the two conductors acquire the same amount 
of charge and potential. It is never seen that the conductor having less charge 
gives up some of its charge to the other conductor. 


Thus, when a body is charged it acquires a condition which determines whether 
the body can deliver charge to or receive charge from another body. This electrical 
condition is called the potential of the conductor. 

In the first case just discussed, the charged body A acquires a higher potential 
than the uncharged body and hence it parts with some of its 4-ve charge till their 
potentials are equal. In the second case, the two conductors being identical, 
the one having greater amount of +-ve charge acquires higher potential than the 
other. So after contact, the first conductor parts with charge which is received 
by the other till there is equalisation of potential. S 

Hydrostatic and thermal analogy of potential: Without stretching the 
analogy too far, we may consider temperature in heat and level in hydrostatics 
analogous to potential in electrostatic. 

(i) We know that a body at a higher temperature gives up heat to a body 
at lower temperature when the bodies are in contact with each other and that the 
transference of heat continues till there is equalisation of temperature of the two 
bodies. So potential of a conductor may be considered analogous to temperature 
of a body. 

(ii) If we take two vessels containing water at different levels and connect 
them by a pipe, water will flow from the vessel whose water-level is higher to the 
vessel whose water-level is lower. The difference in hydrostatic level of water, 
therefore, determines the flow of water through the pipe just as potential determines 
the flow of charge from one body to another. © The flow of water ceases as soon as 
the level becomes the same just as the flow of charge ceases as soon as the potentials 
of the conductors become equal. So potential may be considered analogous to 
hydrostatic level. 


2.8. The earth has zero potential : 

The earth is a conductor of electricity. Every moment the earth 
receives electric charge from different sources and at the same time it 
supplies electric charge to different sources too. These exchanges are 
almost equal ; further the earth is so big that its potential does not appreciably 
change due to small gain or loss of charge. In this respect, the level of sea may 
be cited as an analogue. Sea water is so huge in quantity, that some water 
added to or taken out from the sea will not cause any change in its level. For 
this reason, sea level is considered to be of zero height and all other heights are 
measured from the sea-level. Similarly, the potential of the earth is considered 
to be zero because it always remains the same and all other potentials are measured 
with reference to the earth potential. A body with positive potential is regarded 
to be higher in potential than the earth and a body with negative potential lower 
than the earth. But whatever may be the potential, as soon as the body comes 
in contact with the earth, its potential becomes zero. 
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This can be explained according to the modern electron theory in the following 

way : 
A positively charged body means à body which has à deficit of electrons. 
When such a body is connected to the earth, electrons from the earth flow to the 
4 POTENTIAL — POTENTIAL body to make up the deficiency [Fig. 2.10(a)] 
and the body becomes neutral. Its poten- 
tial then becomes same as the potential of 
the earth which 1$ zero. Similarly à negatively 
charged body means a body which has à 
surplus of electrons. When such a. body is 
connected to the earth, the surplus electrons, 


neutral. The potential of the body also be- 

Fig. 2.10 comes same as that of the earth [Fig. 2.10(b)]. 

In general it is difficult to calculate potential of a point relative to earth. 

This is because the electric field due to à charged body near à conducting surface 

is complicated. In theoretical calculation, therefore, we often find it convenient 

to consider charges $O far from the earth that the effect of the earth on the field 
is negligible ; we call these ‘isolated charges’. 


29. Potential at a point : 

In the gravitational case, a body when free to move will always move 

from higher to lower level ; in the same way, & positive charge of electricity 
will, if free to move, travel from a point of higher potential toa point 
of lower potential. Potential then, is analogous to level and determines the 
direction in which a charge will travel when free to move. Consider a region 
initially free from all electrical influence. Imagine a small charge--4i placed 
anywhere in the region. It may be moved about in the region without any work 
being done, since there is no electrical force acting on it. 

But let a charge--q be placed at any point A in this region before the charge 
+q is brought in. To move +q, from one point to another in the region, some 
work will have to be done now, for the charge-+q; will be repelled by the charge 
+g. Tomove -+q nearer to +q, some external source will have to do wo rk against 
the repulsive force, while if +q, moves away from the charge +49, the repulsive force 
does the work. Work is also done when either or both of q and q, are negative. 

We thus see that the presence of the charge +q endows the region around 
it a property by virtue of which work must be done in moving another charge 
from one point to another in the region or from a far away point to à point in 

 theregion. This property of the point is called its electric potential. 
: The electric potential at any point in an electric field may be 
defined as the work done in bringing a unit positive charge from the infinity up 10 
the point. 

Suppose, V is the potential at à point P in an electric field and W work is 

done in bringing--4 unit of charge from infinity upto the point P. 


Ww 
Then rea or, W-Vxq.ie. Work done— Potential < Charge 
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If the potential and charge are expressed in e.s.u., the work done will be 
expressed in erg. 

According to the above definition, the potential difference between two 
points A and B is, therefore, the work done in bringing a unit positive charge 
from B to A. It is to be remembered that the work done 


in taking the charge from B to A does not depend on the x 

path along which we carry it, just as the work done in 

climbing a hill does not depend on the route we take. If A B 
this were not true, we could devise a perpetual motion 


machine, in which we do less work in carrying a charge 
from B to A via P than it does for us in returning from A Fig. 2.11 
to B via Q [Fig. 2.11]. 

The fact that the potential difference between two points is independent of 
the path chosen between the points is the most important property of potential in 
general. This property can be conveniently expressed by saying that the work 
done in carrying a charge round a closed path in an electrostatic field such as BPAQB 
is zero. 


2.10. Units of potential : 

If 1 e.s.u. of positive charge is brought from infinity up to a point in an 
electric field, accomplishing an work of 1 erg, the potential of the point will 
be 1 e.s.u. 

If 1 e.m.u. of positive charge is brought from infinity up to a point in an 
electric field, accomplishing an work of | erg, the potential of the point will be 


1 e.m.u. ; 
Since 1 e.m.u. of charge=3x10!° e.s.u. of charge and equal amount of 


work is done in both the cases, we have, 
A 1 : 
1 e.m.u. of potential= 3x10 e.s.u. of potential. 


The practical unit of potential is, however, volt. The potential at a point 
in an electric field is 1 volt if 1 joule of work is done in bringing a coulomb of 
positive charge from infinity up to the point. It is also the M.K.S. unit of potential. 


Remember, 1 volt= 53 e.s.u. of potential. 


2.11. Calculation of potential at a point in an electric field due to a point 
charge : 

Suppose a point charge +q is placed at A. Its potential at P distant 
r from A is to be calculated[Fig. 2.12]. Take 
several points P,, Ps,  P;....etc. very near 


MN Coe Tm : 

ide T ye REN to each other at distances ri, rg, fg... etc. 
ROP, Tata from A respectively. Suppose, the potentials 
aE! a 3 at! "P, P, Pg Sete, V, VW Vi. .ete. 


: respectively. Now, according to the defini- 
Fig. 2.12 tion, 
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V—V,=work done in bringing à unit-+ve charge against the repulsive force 
from P, to P—W, (say). 

Similarly, V;—V2=work done in bringing a unit--ve charge from P, to 
P,— W, (say) etc. 

Now, work done=force x distance. 

Since, the forces acting on unit-+- ve charge at P, P,, P, etc. are all different and 
since the points are all very near to one another, we can assume that average force 
on unit--ve charge is uniform between P and P, ; between P, and P, etc. The uni- 


form average force on unit ve charge between P and P,— Land that between 
1 


P, and Pea etc, (for proof see the end of the article). 


org, rion, ali eg 
the work done JW, — rn N=; " 
: -$ $:y,-.-Lq-n-i-i 
W,— T7075 We > (rs n-. E etc. 
Hence, V- Vom. T3 VÀA- PA HER 
Pia Js. 
q 
Va-i— Kem Pa 


Hence rn is the distance of Pn from A and Vy its potential. 


Adding we get, V— Vn ZIDA 
r Yn 
Now, when the point Pn is situated at infinity, "n= «c 


q I. " yi on charge 
$0, 7. =0 and Va=0 -. V—,— distance 


[Calculation of average forces] 


force on unit-+ve charge placed at p=% 


» » » » » ni 


Hence, the average force on unit--ve charge between P, and P 


5 Lupi JA ar ey © r*4-(r4-8) 
Mc ni' caer) Oe a T rir 
where r,—r--3, 5 being a very small distance. 


^ r*--r*--2r.8--8"]. 4 2--2.r.8 
ow: nir Se rir 
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[3, being a very small quantity 8? may be neglected]. 


(4 pn SEL Arn] 4 
KES EAS PGAR niri "one 


In this way, the average forces between other pairs of points may be cal- 
culated.] 


Potential is a scalar quantity : 

It may be pointed out here that potential is a scalar quantity and not a vector 
one. So, potential at a point in a field due to several point charges— positive and 
negative—is the algebraic sum of the potentials at the point due to individual 
charges. In other words, the potential is additive. 

Suppose, several point charges +41, +4» —43 etc, are situated at distances 
Ty» Tay Fg. - etc. respectively from a point 4. Then, the potential V at 4 due to the 
charges is given by. : 


With the help of calculus : 
The intensity at P due to the charge +q=4 [Fig. 2.5] and its direction is 


along AP. Ifthe difference of potential between P and P, be dV, then according to the 
definition, dV.—work done in bringing a unit+-ve charge from P, to P=force on unit 


charge its displacement =— X dr; where dr is the distance between P and P;. 


[Negative sign comes because the force and the displacement are opposite]. 
Now, by integrating the above expression between limits r= oc and r—r, we get 
the potential at P. Hence, 

V — Potential at P due to the charge +4 


r 


r r 
q jv EX ra 
=r E tt -d| - iF :] 
x 


a a 
Example 1 : A charge — 10 e.s.u. is kept at a point A at d distance of 
10 cm., from a charge q of 80 e.s.u. What work is necessary to shift the charge q 
to a point B at distance 20 cm. from q ? 
; 13a. . „g Sharge 
Ans. Potential at a point distant r from the charge q 1s V= 77" distance 


So, if Va be the potential at A, then Va 33-5 e.s.u. 
and ,, Vas » » » B, » Va= $54 » 
^ Va—Bo=(8—4)=4 e.s.u. 
Hence, the work done in transferring the charge — 10 e.s.u, from A to B= 
(Va— V8)X 10=4 x 10—40 ergs. 
Ph, II—17 
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int charges of 12 and 8 micro-coulomb respec- 


Example 2: Two. positive poi f V 
tively are 10 cm. apart. Find the work done in bringing them 4 cm. closer. 


Ans. Suppose 12pe charge is kept fixed in position and 8pc charge is moved 
4cm. closer. The distance of the new position from 12p1¢ charge is evidently 6 cm, 
Now, | coulomb=3 X 10? e.s.u., 
hence 12pc=12 x 10-5c—3 x 10? x 12x 10-*=36 x 10? c.s.u. 
Similarly, 81c—3 X 109 x8 x 10-9—24 x 10? e.s.u. 
Now, the p.d. between these two positions, 
jp : 
v-e(L- D eseao potero es 
The work done in moving the 8pc (i.e. 24 X 10? e.s.u.) charge, is therefore, 
W—24 x 10? potential difference 
=24 Xx 10°x 3$X 10? ergs 
=5'72 joule 


2.12. Electric potential energy of a system consisting of a number of charges : 


We have seen in the chapter ‘Work, power and energy’ 

Physics, Vol 1) that if we raise a body from the earth’s ipd "x i a 
against the gravitational attraction of the earth and the work done is stored asthe 
potential energy of the system i.e. earth--the body. If we release the body, the 
stored potential energy gradually changes into kinetic energy of the bod y. it 
drops. After the body comes to rest on the earth, this K. E. equal in 4 itude 
just before the body strikes the ground to the original P E. is - wv nl " 

heat energy in the same system i.e. earth-|- body. odds —— 


The same thing happens in electrostatics. Consider two charges q, and q 
"D 1 2 


at a distance r apart [Fig. 2.12(2)]. If the charges are opposite in sign, some 
external agent must do some work in trying to 


q, ; 
" - 
epee m ud the separation. This work is regarded 
as ui If ihe charges are, however, of the 
Fig. 2.12 (a) e sign, they themselves will do the work 


by virtue of their r i 
: d : epulsive force and the work in 
oa a ^ d dar as negative. The energy represented by this work can be 
ug ^ y stored in the system (+42) as electric potential energy. This 
Kiel e all other forms of potential energy can be transformed into other 
ie ; at ei qo, for example, are of opposite nature, and we release them 
pod E MAE uad each other, transforming the stored u poteiitial 
energy into the knietlo energies of the accelerating charges The sald to the 
sarthdgrody PA o RE for the fact that electric forces ma te attractive 
or repulsive whereas gravitational forces are always attractive s may be attrac 


The electric potential energy of a s 
stem i 
be defined in the following way : y X point charges may, therefore, 
The electrical potential energy of a system of point charges is the work re quired 


to assemble the system of charges’ by bringi 
question, y bringing them from infinity to the point in 
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Let us suppose that the charge d» is shifted to infinity from its position 
[Fig. 2.12(a)] and is at rest. The potential at the original position of qx caused by 


gis V= t. If qx is shifted from infinity to the original distance /, the work 


needed, from the definition of potential, is W=V.q2 
It is clear that the above work is stored up in the system (qi--q2) as its potential 
energy. SO, electric potential energy U=W= v.q 
r 

For a system containing more than two charges, the procedure is to calculate 
the P.E. for every pair of charges separately and then to add the results algebraically. 
The following example will clarify the procedure. 

Example 1 : Three charges —44, -+q and 4-24 are arranged on the vertices 
A, B and C of the equilateral triangle ABC in air. Find their mutual. potential 
energy if 4—3* 10? e.s.u. and a=10 cm. 

Ans. Total potential energy is the algebraic sum of the energies of each 


pair of charges. For air K=1. So potentiate cra Ce, 


B 2 2 2 2 
cepaap. aginak Sat OO "n 
a a a a | x 
5 2 
= 10xBx 10)" — —9% 104 ergs 
10 a 
Negative sign indicates that 9 x 10^ ergs of work 
is to be done in dismantling the structure and to 
(mE a 


remove the charges to infinite separation from one 


another. Fig, 2.13 
Example 2: 4 particle of mass 40 mg and carrying a charge 5x 10-9 coulomb 
is moving directly towards a fixed positive point charge of magnitude 10-9. coulomb. 
When it is at à distance of 10 cm. from the fixed positive point charge it has a velocity 
of 50 cms. At what distance from the fixed point charge will the particle come 
t? Is the acceleration constant during the motion? [LLT. 1975] 
Ans. 


momentarily at res 
Let the fixed positive charge 


grt, i 9 (10-5 coulomb) is located at 4 and 
a=10 °C ~ q-5x10 C (he particle with charge q (5x 107? 
A clus coulomb) approaching from right 
pum g0cm----7777 - arrives at B when its velocity is 50 
ie 213 cm/s. According to the problem AB= 

Beer 10 cm, [Fig. 2.13@)] 


40 
Now, K.E. of the particle at B=} m*—3* 1009 a we erg. 


„ =Potential at BX g.=(2 *4)10 
-8 9 

wre x5x 10-8 3 10° 

=45 erg. 

[1 coulomb=3 x 10? e.s.u. of charge] 


And P.E. of LÀ » , 


= 
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So, total energy of the particle at B-—45--50—95 erg. 
Suppose, the particle advancing through a distance x cm towards A arrives 
at C and comes momentarily to rest. 

K.E. of the particle at C=0 ; P.E. =Potential at Cxq=(Q*9)/*- 


-8 0 
MM x 10 45x 10-°X3X Ic ghe 


Total energy of the particle at c= erg. 


As the energy is conserved, Ts ie e EH cm. 


As the particle advances towards A, the repulsive force increases. Hence 
its motion becomes gradually retarded until at C, it comes to rest. So its retard- 
ation is not constant during the motion. 


2.13. Relation between intensity and potential at a point in an electric field : 

Suppose two very near points A and B are taken in an electric field and the 
distance between them is x. If x is very small, it may be assumed that a constant 
field intensity acts between the points. Let the field intensity be E. 

If, now, VA and Vs be the potentials at A and B respectively (Va> Vz) then, 

Va—Vs=work done in bringing a unit-+ve charge from B to A. 

—force X distance between A and B=EXx. 
E= Va— Vs 
x 


If dV be the small difference of potential between A and B and dx the distance 


between them, then according to the calculus notation, ES ids 


The quantity dV/dx is the rate at which the potential changes with distance 
and is known as the potential gradient. The above equation shows that the strength 
of the electric field is equal to the negative of the potential gradient. 

If there be two plane and parallel plates at a height h apart (h being small) 
and a p.d. of V be maintained between them, the field is uniform in the middle of 
the plates. At the edge of the plates, however, the field is non-uniform. The 


intensity of the uniform field is given by, Eat 


Example 1: 4 conducting plate is charged to a potential of 4000 volts. 
A second metal plate, charged to a potential. of 1000 volts is brought near the first 
to a distance of 10 cm. What is the field intensity at any point between the plates ? 
Ans. The potential of the first plate VA=4000 volts. 
—$002 e.s.u.—. e.s.u. 
second Va—1000 volts 


—.1000 ATO 
= 1999 e.s.u.—-g- e.S.U, 


» » » o» 
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Va—Vo_ 40-30 (40-10) 
10 3x10 
Example 2 : Charges+-10, +20 and —30 e.s.u. are respectively placed at 
distance 5cm., 10 cm. and 15 cm. from a given point. What is the potential of the 
point ? 


We know, E= —] e.s.u. 


Ans. We know yd, 2_% ge 
Ty Ug Fy 


Here, V= 404-28—$9=2+2-2=2 e.s,u. 


Example 3: An electron is liberated from the lower of two large plates 
separated bý a distance of 50 m.m. The upper plate has a potential of 250 volts 
relative to the lower. How long does the electron take to reach it ? Mass of electron 
—9:1 x 10-25 gm and charge— 1:6 x 107° coulomb. 


Ans. Between large parallel plates, close together, the electric field is uniform 
except near the edges of the plates. The potential gradient is, therefore, uniform 
in the central part of the plates and its magnitude is V/h, where V=250 volts and 
h=50 mm=Scm. V=250 volts 2595 5". 


Intensity por = gus deem. Now, the force on the electron= 


Intensity x charge— 1:6 x 107193 3x 10? x $—8 10-1 dynes and the accelera- 


-n 
ore = aes 8 108 cm/s? Hence, the time taken by the 


tionf = ói 


electron to reach the upper plate is given by S=4/t? or 4 z 


=4/2%5 X91 1.96 10-8 sec. 
8x 1015 


Example 4; Four charges 4-q,--q,—4 and —q are placed respectively at 
the corners A, B, C, and D of a square with side a arranged in the given order. 
Calculate the electric potential and intensity at O, the centre of the square. If E 
and F are the mid-points of the sides BC and CD respectively, what will be the work 
done in carrying a charge e from O to E and from O to F ? ULT... 1977] 
a 


v2 


Ans. In the square ABCD, [Fig. 2.6, Page 250] AO=BO= CO-DO- 


Now potential at O is given by, 
24/24. 22. 
yn i - 1 8 y 2V24..2V24.. 
40 BO CO. DO a a 
Again potential at E, the mid point of BC is given by 
2442-0 01 2(1- iz) (i 4)-0 
Ve= Gn BE CE DE (i DE) (BE CE 
[p AE=DE and BE=CE] 
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Also, pote 


y= — 2x i. eg race 
Pe nba GE DE 0V4 5a a 
[Ape Br 


or 


Vr 


4q 
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atial at F, the mid-point of CD is 


nox uH 
a 


and CF= ors | 


T S s ) 


Work done in carrying a charge e from O to E =e(Ve- Vo) 


=e x0=0 
Q. to F —«Vr— Vo) 


4q/ 1 
= C =. feces 
ec s ) 


2.14. Potential difference and the principle of action of a gold-leaf 
electroscope : 
In discussing the use of a gold-leaf electroscope, it was pointed out in 


7 
* + 
D 4 


EARTH 


; Fig. 


244 


art 1.3 that the existence of charge in a body as well as 
the sign of the charge may be determined by the electros- 
cope. It was also mentioned that the leaves of the elec- 
troscope, acquiring similar charge, repel each other and 
diverge. It may, however, be proved that the divergence 
of the leaves is due to the existence of à potential difference 
between the leaves and the tin plates—and not due to 
the repulsive force between the like charges of the leaves. 
Fig 2.14 shows how the presence of charge in a rod 
is detected by a gold-leaf electroscope. When the positively 
charged rod is brought in the vicinity of the disc (D) of the 
electroscope, the potentials of the disc and the leaves 
increase. But the tin-plates (1t) being connected to the 


ground, have zero potential. So a difference of potential is created between the 
plates and the leaves which causes the leaves to à 


diverge. 


shown to be placed 


on an insulating stand. The 


In fig. 2.15, the electroscope has been Ng 


tin-plates (¢,t) are t 


the earth now but the disc D of the electroscope 
ded. As a result the potentials of the 
will be zero. If, now, a nega- 


is groun 
disc and the leaves 
tively charged rod 
of 


the potentials 
will again be a 


plates and the leaves and consequently the leaves will diverge. 


herefore not connected to 


be brought near the tin-plates, =] EARTH 


the plates will fall i.e. there 


INSULATOR 


difference of potential between the Fig. 2.15 
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In Fig. 2.16. the electroscope has been shown to be placed on an 
insulating stand but the disc D of the electroscope ý 
is connected by a wire to the tin-plates. In this case, A 
if a charged rod_ be brought near the diso or if 3 ava 
the electroscope be given a charge by any other means, 
the leaves will not diverge because, the leaves and the tin- 
plates being connected together have the same potential. 
So from these experiments we may conclude that a potential 
difference between the leaves and the tin-plates is necessary i 
for a divergence of the leaves. 


We sum up these Observations by saying that the 7 
electroscope indicates the potential difference between its INSULATOR 
leaves and the tin-plates. Fig. 2.16 


2.5. Some problems involving induction and potential : 


(a) An insulated gold-leaf electroscope with its disc and tin-foils connected 
by a wire is charged with positive electricity. by induction. The connecting wire 
is then removed by means of an insulator. The disc of the electroscope is then 
touched with a finger. Explain what will happen. 

When the electroscope is charged with +-ve electricity, the disc, the leaves 
and the tin-foils being connected together, attain same potential and hence the 
leaves although charged with -i-ve electricity do not diverge. 

When the connecting wire is removed, there is no change in the potential 
between the leaves and the tin-foils and hence no divergence of the leaves will be 
observed. 

Next when the disc is touched with a finger, the disc and the leaves attain 
zero potential but the tin-foils retain their previous +-ve potential since the electro- 


scope is insulated. Due to this difference of potential between the leaves and the 


tin-foils, the leaves will now diverge with —ve charge. 

So this experiment shows that the divergence of leaves of electroscope 
depends not only on the charge acquired by the electroscope but also on the 
potential difference between the leaves and the tin-foils. 

(b) Two uncharged electroscopes have their discs connected by a copper 
wire. Explain what happens when (i) a charged body is brought near one disc (ii) with 
the charged body still in position, the wire is removed by an insulator (iii) with the 
charged body still in position, the wire is replaced, touched by the hand and removed 
(iv) The charged body is removed. 

Two electroscopes with their leaves and the connecting wire may be consi- 
dered as a composite conductor. 

(i) When a charged body (say, positively charged) is brought near any one 


of the discs, induction takes place. As a result, there will be flow of electrons 


from the leaves of both the electroscopes and also from the disc of remote electro- 


scope to the disc of the electroscope near the charged body. This flow ceases 


) 
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when the composite conductor attains a common potential which is +ve in this 
case. Hence leaves of both the electroscopes diverge with --ve electricity. 

(ii) When the wire is removed, keeping the inducing body still in position, 
there will be practically no change in the condition of the potential of the system 
and the leaves of both the electroscopes remain diverged as before. - 

(iii) When the wire is replaced, there will be no change in the divergence 
of the leaves. When touched momentarily, the composite conductor is reduced 
to zero potential. Consequently, the leaves of both the electroscopes collapse. 
When the wire is removed the leaves remain still collapsed. 


(iv) When the inducing body is removed, the first electroscope becomes 
charged with free —ve electricity and acquires —Ye potential ; the leaves accordingly 
diverge with —ve electricity. The leaves of the other electroscope which is now 
disconnected from the first and which is remote from the inducing body, behave 
like those of an uncharged electroscope and remain practically collapsed. 


2.16. Electric lines of force : 

Just as a magnet is surrounded by à magnetic field, so an electric charge 
has an electric field. around it. The lines of force of the field may also. be 
drawn. 

Definition : An electric line of force is a line drawn in an electric field such 
that a tangent drawn at any point on the line gives the direction of the electric field 
at that point. 

The method adopted for drawing the magnetic lines of force may also be 
adopted for drawing the electric lines of force. Fig. 2.17 shows the electric lines 


oe 
SAMS 


di) (ii) 


Fig. 2.17 
of force in some typical cases. In Fig 2.17 i) lines of force due to a charged sphere 
have been shown. The lines of force are all radial and start from the centre of 
the sphere. In figs. 2.17 (ii) and 2.17 (iii), lines of force due to two equal but 
opposite charges facing each other and two equal but like charges facing each 
other have been shown. From fig. (iii), it is seen that like magnetic neutral point, 
the electric field can also have neutral points. 
Characteristics of electric lines of force : 
The following are the characteristics of electrical lines of force : 
(i) Lines of force start from positively charged conductor and end on 
negatively charged conductor. 
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(i) Two lines of force never intersect each other ; for, if they intersect two 
tangents can be drawn to the lines at the point of intersection, giving two directions 
of the intensity at a point which is absurd. 


Gii) The lines of force tend to contract length wise. 

(iv) The lines of the force touch a conductor normally. 

(v) Each line of force carries equal but opposite charges at its two ends. 
(vi) Lines of force repel each other laterally. 


(vii) Lines of force do not exist inside a conductor. So, electric lines of 
force are not closed curves. 


2.17. Explanation of electrostatic induction by lines of force : 
Electrostatic induction may be explained by considering the above 


characteristic properties of lines of force. When a positively charged glass rod is 
held in a room, the lines of force from the 
charged rod spread through the surrounding 
medium and terminate on the earth-connected 
walls of the room. These lines carry-+ve charge 
at the end where they originate (in this case 
positively charged glass rod) and an equal 
amount of —ve charge at the end where they 
terminate (in this case the walls of the room). Fig, 2.18(a) 


When an insulated uncharged conductor BC is held in the intervening space 
somewhere near A [Fig. 2.18(a)], some of these lines are intercepted by the insulated 
conductor BC and the result is that the intercepted lines ending on the conductor 
find their corresponding negative charge. Now, due to the tendency of the lines 
of force to contract lengthwise, their end terminating on the conductor BC are 
pulled more towards the end B and we see negative charge develop at the end B 
and an equal amount of +ve charge at the remote end C. 


The--ve charge at C, in turn, sets up lines which proceed on as usal as shown 
in fig. 2.18(a). 

A finger held near C is equivalent to an earth-connected conductor brought 
near C. The lines of force from the end C will naturally select shorter path to 
find their equivalent negative charge and hence 
these lines will terminate on the finger [Fig. 2.18 
(b). Now with the approach of the finger 
towards the conductor the ends of the lines 
carrying equal amounts ,of4-ve charge and 
—ye charge approach each other and ultimately 
: coalesce when the finger touches the conductor 

Fig. 2.18(b) and thus the lines of force at the end C vanish 
when the conductor is momentarily earthed by touching it with finger. 


Further, with the earth connection of BC, some more lines from the rod 4 
choose to terminate on the conductor in preference to distant earth-connected 
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walls of the room [Fig. 2.19 (i)]. This accounts for the slight increase of—ve 
charge on BC when the latter is grounded. 


dae 
go ot dno] e 
sc BU T C^. 
iet 
(ii) 
Fig. 2.19 


The removal of the rod A enables the lines of force terminating on BC to 
be distributed over the entire surface of the conductor as shown in fig. 2.19 (ii). 
The conductor is now freely charged with — ve electricity. 

In the same way, the charging of gold-leaf electroscope by induction can 
also be explained by lines of force. 


2.18. Tube of force and Faraday tube : 


Assemblage of lines of force constitutes a tube of force i.e. a tube of force 
is bounded by lines of force. 

When a tube of force carries at its end where it originates, one ¢.s.u. of --ve 
charge and at the other end where it terminates, one e.s.u. of —ve charge, the 
tube of force is called a unit tube of force or Faraday tube. 

According to Maxwell, q e.s.u. of +-ve charge sends out 4zq lines in air. 
Hence, a Faraday tube in air is made of 47 lines of force. If the tube be placed 
in a medium of permittivity K, a Faraday tube consists of 4x:[K lines of force. 

Let us now consider a point charge q placed in a medium of permittivity K. 
Imagine a sphere of radius r with q as centre. According to Maxwell, the total 
number of lines of force originating from q and spreading over the surrounding 


space is TM, These lines are intercepted by the imaginary sphere whose area is 4zr?. 


Number of lines of force passing normally through unit area of the 
4nQq | dq 
Kx4nr Kr” 

sphere. The intensity at P due to the charge q-—q|Kr?. 
Thus we see that electric intensity at a point is measured by the number o, 
lines of force that passes normally across unit area surrounding the point in question. 
Again, the number of Faraday tubes associated with q €.s.u. of charge is 
numerically equal to q/K. These Faraday tubes are intercepted by the sphere of 


sphere = Let us know consider a point P on the surface of the 


area 4sr*, Hence, the number of Faraday tubes passing per unit area— I 
" Tr 


q PE i Á 
+ T Xintensity at a point on the sphere. 
c aie s 
Thus, intensity —4x x number of Faraday tubes passing per unit area normally. 
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2.19, Surface of a charged conductor is equipotential : 

We have already seen that the earth has the same potential (zero) all over its 
surface, because it is a conductor. In a conductor there can be no difference of 
potential, because a potential difference or a gradient would set up an electric 
field ; electrons of the conductor would then redistribute themselves throughout 
the conductor, under the influence of the field until the field vanishes. This 
is true whether a conductor has a net charge, positive or negative or whether 
it is uncharged ; it is true whatever be the actual potential of the conductor, 
relative to another body. 

Any surface or volume over which the potential is constant is called an 
equipotential. The volume or the surface may be that of a material body or simply 
a surface or a volume is space. For example, as we shall see in art 2.20., the space 
inside a hollow charged conductor is an equipotential volume. Equipotential 
surfaces may be drawn throughout any space in which there is an electric field, 


Consider an isolated point charge g. At a distance r from the charge the 


potential is ? A. sphere of radius r with centre at q is therefore an equipotential 


surface of value 4. In fact, all spheres with centre at q are equipotential surfaces 


whose potentials are inversely proportional to their radii. An equipotential 
surface has the property that along any direction lying on its surface, there is no 
electric field ; for there is no potential gradient. Equipotential surfaces are, 
therefore, always at right angles to lines of force. 

Experimentally it may be shown in the following way that a charged con- 
ductor has same potential all over its surface. 

A pear shaped insulated conductor A is charged with positive electricity. 
A proof-plane is connected to the disc of an uncharged gold-leaf electroscope by 
a wire and the electroscope is kept at a sufficient distance away so that the charged 
conductor cannot produce any induction on the electroscope. 

Now place the proof-plane on the conductor and slide the proof-plane all 
along the surface. (Fig. 2.20). It will be seen 
that the divergence of the leaves remains the 
same at every point. This proves that the 
surface of a charged conductor is equipotential, A 
The reader should compare this experiment 
carefully with the experiment to investigate the | 
distribution of charge over thè surface of such 
a conductor described in art 1.18. The two 
experiments make it clear that although the Fig. 2.20 


charge is unequally distributed the potential is uniform over the surface. 


If the conductor is charged with positive and negative electricity simultane- 
ously by induction, the same result will follow. Although, induction develops 
simultaneously opposite charges in equal amount in a conductor, the surface of 
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the conductor will behave as an. equipotential surface. The sign of the potential 
will; however. depend on the inducing charge. If the inducing charge is--ve the 
potential of the conductor is also--ve.. If the inducing charge is—ve, the potential 
of the conductor is—ve too. 


2,20. Potential inside a hollow conductor ; 

If a hollow conductor contains no charged body, then whatever may be 
the charge on its outside surface there is none on its inside. Inside it, therefore, 
there is no electric field ; the space within the conductor is an equipotential 
volume. If the conductor has an open end, like a can, then most of the space 
inside it is equipotential ; near its mouth there is a weak field. 

By the following experiment it may be proved that the potential inside a 
hollow conductor is everywhere the same and it is equal to the potential on the 
outer surface of the conductor. 
A hollow, deep and insulated metal can C is charged positively and a proof- 
plane P is inserted well within the can [Fig. 2.21]. 
The proof-plane is connected to the disc D of a gold- 
leaf electroscope by a wire. If the proof-plane is 
c D. moved here and there inside the can, the divergence 
* of the leaves will remain unchanged. The potential 
inside the can is, therefore, same everywhere because 
+ + | | we know that the divergence of the leaves depends 
upon the potential. 
: Now, touch the proof-plane on the outside 
Fig. 221 surface of the can. The divergence will remain 
unchanged. This shows that the potential inside is same as the potential on the 
outside surface of the conductor. 
It is important to note that since the potential inside the can is same every- 
where and since the intensity of the field is zero [see art 2.4] there will be no lines 


of force inside a hollow conductor, except at the edge, if the conductor is an open 
one. 


221. Potential at a point due to a hollow charged sphere : 


Consider a hollow sphere of radius r charged with O units of electric charge. 
Let us take a point at a distance x from the centre of the sphere. 
(i) If x>r i.e. the point lies outside, the sphere the potential at the point 


-2. where K is the permittivity of the medium. The sphere behaves as if 


the whole charge is concentrated at its centre. : 
(ii) If x=r i.e. the point is on the outside surface of the sphere, the potential 


Q 


at the point Here, also, the sphere behaves as if the whole charge is 


concentrated at its centre. Further since r is same for all points on. the outside 


>, 


pali 2 acidi Vni 
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surface of the sphere, potential at every point on the surface is the same. In 
other words ; the outside surface is an equipotential surface. 


(iii) If x<r i.e. the point is within the hollow sphere, the potential at that 
point— E This shows that the potential inside the sphere is everywhere 


constant and is equal to the potential on the surface of the sphere. 
Since the space inside a hollow sphere is equipotential, intensity there is zero. 


Example : A charge Q is distributed over two concentric hollow spheres of 
radii r and R (R>r) such that the surface densities are equal. Find the potential 


at the common centre. {(LLT. 1981] 
Ans. Let the small sphere contain Q, and the larger one O,charges. There- 
odd = Oo Q: 
fore, Q—Q,--Q;. ` Since the surface densities of charge are equal, da^ AnRi 
Orr Qı +0:_ r?-+R? 
Sa cmm 0f PE feii 
po NI Ulpia e 
R? IRKO. 0.0) hole Mee) 
Q= rure ; Similarly, QURE 
At the common centre, the potential due to the spheres 
pay 2: [Sec art 2.21(iii)} 
r 
PQ. RO _Or+R) 
(ERD (P+RYR OP +R? 
Exercises ` 
Essay type : 
1. State Coulomb’s law in connection with the mutual force between two point charges 
and hence define electrostatic unit of charge. [H. S. Exam. 1978, '81| 


2. Explain the action of a gold-leaf electroscope in terms of potential difference. 
3. Prove that the potential at a distance r from a point charge --q is 4. What will be the 


potential at the point due to multiple charges ? 

4. What are electric lines of force ? What are their characteristics ? 

5. What do you mean by an equipotential surface ?. How would you: prove that the 
surface of a charged conductor is equipotential ? : 

6. Show how (i) the surface density (ii) the intensity of electric field (iii) potential varies 
over the surface of a: pear-shaped conductor charged with electricity. Describe experiments you 
would perform to support your answer in cases (i) and (iii). 

"5; Show that the electric intensity at a point near a charged spherical conductor is iride- 
pendent of the radius of the sphere but is depended on its surface-density of charge. Will it be 
true inthe case of a non-spherical conductor P= de $ 
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g. A point charge —q is placed on the axis of a thin ring which is uniformly charged w:th 
positive electricity. Show that the point charge moves along the axis simple harmonically. 


Short answer type + 
9, What is an electric field 2 Define the intensity at a point in an electric field. What 
do you mean by the direction of the field at a point ? 
10. What js meant by the terms (i) potential and (ii) field strength in electrostatics 2 State 
whether each quantity is a scalar or à vector ? 
11. What is meant by the terms (i) potential of a charged body (ii) potential of a point in 
an electric field (iii) the potential difference between two points ? 
12. Potentials of two points Aand B are respectively 50 e.s.u. and —10e.s.u. Which 
point has higher potential 2 What is their potential difference ? 
13. What is the relation between intensity and potential 
difference ? What do you mean by potential gradient ? 

A 14, The potential gradients in two electric fields have 
been shown in Fig. 2.22. The field represented by the curve Ais 
stronger than that repzesented by B. Do you egree ? 

IS 15. The earth has zero potential—explain the statement. 

Two bodies, charged negatively and positively are separately 
connected to the earth. What will be their potentials before 
and after the connection ? 

Fi 16. Can two lines of force intersect each other in an 

ig. 2.22 electrostatic field ? 

17. A point charge -- Q is kept at à point. What work will be done in taking a unit positive 
charge along the circumference of a circle of radius r with the charge +Q at its centre ? 

ULLT. 1974,85] 

[Hints : No work is done. The sphere drawn with radius r and centre at Q is an equi- 
potential. Since the potential difference between two points on the sphere (or the circle) is Zero» 
no work is done when the unit charge is taken round the circle.] 

18. Suppose that the earth has à net charge which is not zero. Under this circumstances, 
can earth be taken as standard reference and its potential as zero for the purpose of measurement 
of potential ? 

19. If the intensity at & point in an electric field be zero, will the potential there be also 
zero ? If the potential at the point be zero, will the intensity be zero ? 

20. If the intensity at a point in an electric field be known, can you calculate potential at 
that point ? If not, what further information is needed ? 

21. If the potential is constant throughout a given region of space, what information do 
you get about the intensity in that region ? 

22. qand q: are two point charges kept d apart. There is no point in their field where the 
intensity is Zero. What inference can you derive from it ? {Jr. Entrance 1982] 

[Hints : Charges are equal in magnitude but opposite in nature] 

23, Two point charges of unknown magnitude and sign are at à distance d apart. The 
electric field strength is zero at one point between them on the line joining them. What is your 
conclusion about the charges ? 

24. The poten ial difference between two conductors is very high. What will happen in 
the following cases : (i) the conductors are joined by a wire (ii) both positive and negative ions 
are present in the space between the conductors (iii) the space between the conductors i$ vacuum. 

[Jt. Entrance 1982] 


25. The work done in carrying a point charge from one point to another in an electrostatic 


POTENTIAL — 


DISTANCE —* 
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field depends on the path along which the point charge is carried. Comment on this statement. 
[LLT. 1981] 


26. Two point charges +q and —4 are placed at d distance apart. What are the points 
at which the resultant electric field is parallel to the line joining the two charges. [.I.T. 1978] 

[Hints : All points lying on the perpendicular bisector of the straight line joining the charges}. 

27. State Coulomb’s law ? What is a statcoulomb ? 

28. A gold-leaf electroscope is placed on an insulating stand and the disc is connected to 
its tin-plates. A positively charged rod is now brought close to the disc of the electroscope. 
How will the leaves behave ? 

29. Two concentric metal spheres are insulated from the earth and also from one another 
and a charge of -+g is given to the inner sphere. What will be the electrical condition of the outer 
sphere. How will it be changed (a) by connecting the outer sphere to carth momentarily and 
(b) by afterwards connecting the inner sphere to earth ? 


Qe e s 

30. (a) Select the correct answer in the following cases :—(a) How much is 1 coulomb equal 
to e.s.u. of charge ? Ans. 3x10? ;10;3x10? (b) How much is 1 volt p.d. equal to e.s.u. ? 
Ans. 1/3x 101^ ; 1/300 ; 3x 10° (c) A hollow conductor is charged with electricity and a proof- 
plane is moved well within the conductor. A gold-leaf electroscope connected with the proof- 
plane shows no deflection. Why ? Ans. no charge is within the conductor ; field-intensity 
is same everywhere inside it ; potential is same everywhere inside it. (d) A battery has 12 volt 
p.d. between its electrodes. If the negative terminal of the battery is earthed, what will be the new 
p.d. ? Ans. —12 volts ; 0; +12 volts (e) What will be the direction of electron flow when a 
negatively charged body is earthed ? Ans. No flow ; From the earth to the body ; From the 
body to the earth. (f) A hollow metal sphere of radius 5 cm is 


charged such that the potential on its surface is 10 volts. What I 

is the potential at the centre of the sphere? Ans. zero; 

10 volts; 5 volts. [LLT. 1983] (s) Two identical metal 

spheres of exactly equal masses aie taken. One is given a ay ü 
C 


positive charge Q coulombs and the other an equal negative 


charge. Their masses after charging (i) are different (ii) are the (50v) l 
same (iii) vanish, (v) 7 idi 

(b) Fig. 2.23 shows lines of constent potential in a region at SOV, aov) 
which an electric field is present. The values of the potential aie 
written in brackets, Of the points A, B and C, the magnitude Fig 2.23 
cf electric field is greatest at the point. .... {LLT. 1984] 


Numerical problems : 
31. The charges of two small spherical metallic conductors are + 12 and +8 c.s.u. respec- 
tively. What will be the force between them if they are 8 cm. apart in air ? [Ans. 1:5 dynes) 
32. A point charge A of -+25 e.s.u. is placed between two charges B and C on the same line 

with them. The amount of charges in B and C are -+5 e.s.u. and —30 e.s.u. respectively. The 
distance between the charges A and B is 2:5 cm. and that between A and C is 5 cm. What force 
will act on the charge A ? [Ans. 50 dynes along AC] 
i ual and like charges repel each other with a force of 50 mg. wt. when they are 

19 Med we What is the magnitude of each charge 2 Lis, 70 e$) 
34. Two point charges, 4-30 units and +60 units, are kept 12 cm. apart. Find the point 
where the intensities due to the charges are equal Ri SPREA ar ai ewig ciate dace 


a5. Two small spheres 4 and B are charged with +-9 units and +16 units of electricity. 
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ated by 4 distance 28 cm. How far from A along the line AB, will the intensities 


They are separ 
due to the spheres be equal ? [Ans. (i) 12 cm. towards B (ii) 84 cm. away from B] 


..36. G) ^ pith ball weighing 0-05 gm. is charged with 100 e.s.u. of charge. What must be 

the charge on 4 pall placed 10 cm. directly above the pith-ball, which will hold the pith-ball in 

equilibrium. 2 [Ans. 49 g.s] 

37. A metal ball carrying 20 e.s.u. positive charge weighs 2 gm. Jt lies at rest just 

below another small ball carrying 2 negative charge of 128 e.s.u- and suspended by 4 thread. 

What is the distance between the centres of the balls ? (g=980 cmjs*) lH. 
[Ans. 


38. Equal positive charges are placed at the corners of an equilateral triangle. What is 
the electric field intensity at @ point equidistant from each corner ? [Ans. 0] 
39. Two point charges, each +10° esu» are kept at two points A and B 20 cm. apart. 
From the middle point of AB, à particle charged with —]10? e.s.u. is thrown along the perpendicular 

bisector of the line with an energy 10* erg. How far will the point ascend ? 
[Ans. 199:7 cm. (nearly) 

[Hints : The potential energy at the highest point= 10* ergs-] 

40. Two small spheres, each of mass 100 mg. are suspended from a point by threads 50 cm. 
are equally charged and they repel each other to à distance of 20 cm. What is the 
,g- 980 cm/s*. {Ans. 89:44 units] 
‘41. Two small metallic spheres, each of mass 5 gm. are suspended by two weightless threads 
from a point, each thread being 50 cm. long. When the spheres are charged with equal amounts 
of charge, the threads stand apart making an angle of 30° between them. Calculate the charge 
on each sphere. < [Ans. 567 e.s.u- (nearly)] 


42. A point charge of 20 e.s.u. is placed at the centre of à thick insulated metallic spherical 
shell. The shell has an internal and external radii cf 10 and 12 cm and no net charge. Find the 
electric field at distances 5, 11 and 15 cm from the centre. What is the force between the point 


charge and the shell ? [Jt. Entrance 1982] [Ans- 0-8 dyne ; 9 ; 0:88 dynes; 0] 
43. A simple pendulum consists of à small phere of mass m suspended by a thread of 
length |. The sphere carries à +¥E charge 4- ndulum is placed in an uniform electric 


e 
field of strength E directed vertically upwards. With what period will the pendulum oscillate if 


the electrostatic force acting on the sphere is less than the gravitational force ? 
ULT. 1977) tans. T725 y E 
mg— Eq 


[Hints : The effective torce on the bob=mg — Eq. ; so its acceleration d 


44. Two spheres of different radii are connected by a very long fine wire. T he entire 
assembly is then raised to à potential y. Show that surface charge density cf the spheres are 


inversely proportional to their radii. 


1 V 1 
ey ipte and wt | 


45. Three charges —1, 2 and 3 micro-coulombs are placed respectively at the corners A, 
B and C of an equilateral triangle of side 200 cm. Calculate (i) the petential and (ii) the field 
intensity at à point P which is half-way along BC. 

DIN “ih [Ans. (i) 40x 10* volt (ii) 9-5x 107? volt/cm. making 18°25” with CB] 


| 46. A certain charge Q is to be divided into two parts q and (Q—2 What is the rela- 
tionship between Qandq 3f the two parts placed at a given distance apart are to have à maximum 
force of te pore qa 4 Giaruls 57 [Ans: q- 9n 


— ——— 
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47. The points A, B and C form an equilateral triangle of side a. Point charges of equal 
magnitude q are placed at A and B. Find the electric field strength and potential at C due to 
these charges when (i) both the charges are positive and (ii) the charge at A is positive and the 


charge at B is negative. [Ans. (i) E= Ay ; ya (ii) E=% paralllel to AB ; V0] 

48. Two plane parallel conducting plates are held horizontal, one above the other, in 
vacuum. Electrons having a speed of 6x 10° cm./s and moving normally to the plates enter the 
region between them through a hole in the lower plate which is earthed. What p.d. must be applied 
to the other plate so that the electrons just fail to reach it ? e/m for electron — 1-8 x 10* coulomb/ 
gm. [Ans. 10* volt] 


[Hints : jmmw*-—V.e. where V is the p.d. between the plates]. 


49. Charges of --16, —16, and +32 units are placed at the corners A, C and D of a square 
ABCD of which the side is 4 cm. Find the electric intensity at B. 
[Ans 4/3 units making 9°54’ with AB] 
50. Two charges of magnitude +100 and +100 e s.u. are kept at the corners A and B of 
an equilateral triangle ABC of side 10 cm. Calculate the magnitude and direction of electric 
intensity at C. [Ans. 4/3 dynes, 30* with BC] 
51. Two point charges are located on the x-axis, a charge +1 e.s.u. at x=3 cm. and a 
charge —4 e.s.u. at x=—3 cm. Calculate the electric field on the y-axis at a distance of 4 cm. 
from the origin. Calculate the location of a point on the x-axis (beyc nd the unit charge) where 
the field is zero. [Ans. (i) 01537 e.s.u. ; 14°34’ (ii) 6 cm. from 4-1 charge] 
52. At the eight corners of a cube of side a cm are situated equal chaiges of q units each. 


What is the (i) potential and (ii) intensity at the centre of the cube ? [Ans. (i) VE (ii) 0] 


[Hints : The distance of the centre from any coiner=4/3a/2.] 


53. A charge Q is placed at each of the two opposite corners oí a square. A chaige q is 
placed at each of the other two corners. Jf the resultant electrical force on Q is zc10, how aie 
Q and q related ? [Ans Q——24/2.4] 

54. A charge P cf +250 e.s.u. is placed between two other charges Q and R of 4-50 and 
—300 e.s.u. respectively. If QP—5 cm and RP=10 cm, find the result ant force on P. 

[Ans. 1250 dynes along A] 

55. The distance between two negatively charged specks of dust is 1 mm and they repe) 
each other with a force of 4 dynes. If the charge of one is four times the charge on the other, 
calculate the number of excess electrons on each speck. Charge on an clectron=5 x 1071? e.s.u. 

[Ans. 2x10*; 8x 10°) 

56. Two small equal conducting pith balls hang from the same point by silk threads 70 cm 
long. A charge is given to one of them and then they are allowed to touch. If they come to 
rest 20 cm. apart and each ball weighs 3 decigrams, find the original charge. g=980 cm/s? 

Ut. Entrance 1981] (Ans. -130°5 e.s.u.] 

57. Two indentical spheres, each of mass m are suspended by a silk thread of length / from 
a point. The spheres are charged, each with q amount of electricity. If the angle between the 


f 3 2q*l 
threads is very small, show that in equilibrium, the distance between the spheres- (2 i 


58. Threeidentical small spheres weighing 0:1 gm are suspended from a point with silk 
threads each having length 20 cm. What charges should be imparted to the spheres so that 


each thread makes an angle 30° to the vertical ? Assume the charges to be equal. 
[Jt. Entrance. 1984] [Ans. 100 e.s.u. (nearly)] 


[Hints : The spheres will be at the corners of an equilateral triange of length A/3l.] 
Ph. II—18 
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59. An infinite number O' harges, h equal to q are placed along the x-axis at x=1, x=2, 
x-^ x= and so © Find the poten! al and the electric field at x=0 due to the set of 
, What will be the potential and electric feld if in the above set UP, the consecutive charges 
have opposite sign ULLT. 1974) (Ans- (i) V=24 5 E=4q/3 (i) V-24l3 ; E=4q/5) 
60. Charge qis uniformly distributed over a thin circular ring of radius a. Show that the 

electric intensity at a point on the axis of the ring distant ” from the centre is given by E= on 

" 

AE ——]| 

E 


(a+r) 


xis of the above 


the potential there ? 
along the @ 
th a time-pcriod 


What i$ 
constrained to move 


61. An electron of charge e ond mass m is 
ring of charge. Show that the electron perferms simple armonic oscillations wi 
Aqta T-2m (ma, 
qe 
of magnitude 


positive charges, each 
and B separated by à 


5 62. Two fixed, equal 
osite charge 


o C 5x10 coulombs are located at point. 
istance of 6 metre cm (Fig. 224) A 

meves towards them along tte line COD, the perpendi 
of the line AB. The moving i 


BY 

Fig. 224 ata distance f 4 meter from Q has 4 

£- Calculate the distance Of the fur hest point D which the negative 
C. 1.1.T. 1985] [Ans. 172 metre (ncarly) 


charge will reach before returning tc wards C. 
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3.1. Capacitance or Capacity : 

We know that if we pour equal quantities of water in several vessels of 
different size, water will come UP to different levels in them. Similarly, 
when conductors of different size are charged with equal quantities of electri- 
city, the potentials of the conductors will be 
different. Place two metallic cans of unequal 
size on the discs of two indentical gold leaf 
electroscopes (Fig. 3.1]. The cans are now dE CHARGE 
given equal charges Q. It will be seen that 
the divergence of the leaves will be greater for 
the smaller can, proving that it has acquired a 
higher potential that the other. Under the 
circumstances, the larger can is said to have 
a bigger capacitance than the smaller one. * 

If the cans are now connected by a wire, Fig. 3.1 
charge will flow from the smaller can to the larger until their potentials are 
equal. This is analogous to the flow of water from a vessel of higher level to 
another of lower level when connected by a pipe. When the cans in the above 
experiment acquire à common potential, the leaves of the two electroscopes 
diverge equally. r 

It has been seen that for a given conductor, the potential is proportional to 
its charge. If Q amount of charge given to a conductor raises its potential by V, 
then Qoc V or Q=C.V. where C is a constant known as the capacitance or capacity 
of the conductor. Hence, 

Capacitance (C) beni ab (2 
Potential (P) 
Now, if y=1 Q=C i.e. the charge necessary to raise the potential of a conductor 
by unity, is numerically equal to the capacitance of the conductor. 


3.2. Units of capacitance : 

If in the above relation, Q—1 ¢.s.u. and V=1 e.s.u. then C=1 e.s.u. Le. 
if 1 e.s.u. of charge raises the potential of a conductor by 1 e.s.u. the capacitance 
of the conductor is regarded as 1 €.5.U. But if the charge and the potential are 
expressed in practical units (or, M.K.S. units), viz. coulomb and volt respectively, 
the capacitance will be expressed in practical unit i.e. in Farad. A conductoris 
said to have 1 farad capacitance if 1 coulomb charge raises its potential by 1 volt. 

A capacitance of 1 farad, abbreviated as F, is Very large and for practical 
purposes is seldom used. Smaller units are usually used. They are as follows : 

1 micro-farad (wF)=10-* farad 
1 micro-micro-farad (ppF) or picofarad (pF)-107* farad, 
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mI ——— mEDG GUT. mas 


PHYSICS 
276 A TEXT BOOK OF 


We know, ! coulomb —3 x 10° e.s.u. of charge 
and 300 volts —1 e.s.u. of potential. 
l coulomb 3x10? e.s.u. of charge 
Iot — ^ gq esu. of potential 
—9 x 10! e.s.u. of capacitance 
1j F— 10-5 farad —9 X 105 e.s.u. of capacitance 
Example : To increase the potential of a conductor by 250 volts 5x 107? 


coulombs of charge are needed. What is the capacitance of the conductor ? What 
amount of charge is needed to increase the potential twice as before of a conductor 


having double capacitance ? 


Hence, | farad= 


Ans. We know, coe; here Q—5x107 coulomb and V=250 volt 


C 3X107 9-2 10-* Farad 
250 


In the second case, Q=C.V=2x02x 10-8 x2 x 250=2 x 10-5 coulomb. 


3.3. Factors governing the capacitance of a conductor : 


: t, 
In art 3.1 we have seen that for a given value of charge Q, Caz, ie. fora 


given value of Q, the factors which increase the potential of a conductor are res- 
ponsible for a decrease in its capacitance and vice versa. The factors are as 


follows :— 

(i) The area of the conductor : The potential of a conductor decreases 
with the increase of the area of the con- 
ductor ; hence its capacitance increases. 

A thin sheet of tin hangs from an 
ebonite rod and the sheet is connected to 
- the disc of an electroscope (Fig. 3.2). 
The sheet is given a charge from a source 
of electricity. The leaves of the electros- 
cope will diverge. If the sheet is rolled 
a little by the ebonite rod, the divergence 
of the leaves increases, showing that the 
potential of the sheet increases. Since the 
Fig. 3.2 charge remains the same, it implies that 
the capacitance of the sheet decreases. If the sheet is unrolled, the divergence 
decreases and hence the capacitance increases. 

(ii) The medium surrounding the conductor : If air surrounding the con- 
ductor is replaced by any non-conducting medium like paraffin, sulphur, glass etc, 
the capacitance of the conductor increases. 

(iii) Presence of an earth-connected conductor : If another conductor 
(uncharged) is present near the charged conductor under test, specially if the 
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uncharged conductor is earth-connected, capacitance of the charged conductor 


under test increases remarkably. 
A is a positively charged conductor. If it is connected to an electroscope, 
the leaves of the electroscope will diverge and the divergence will be a measure of 


the potential of the conductor. A B A B 
If now, an insulated conductor €3 + 
iN 


vicinity the divergence will be i 
found to have decreased a little | | 
[Fig. 3.3 (i)]. This shows that 

the potential of the conductor 
A decreases or its capacitance @ Fig. 3.3 (ii) 
increases. The reason is that the conductor B will acquire positive and 
negative charges due to induction which will reduce the potential of A. On 
connecting the conductor B to the ground, [Fig. 3.3 (ii)] the leaves will collapse 
appreciably and hence the capacitance of A will increase very much. 


B (uncharged) is brought in its E x | 


E 


3.4. Capacitance of a spherical conductor : 
Suppose R is the radius of a spherical conductor charged with Q e.s.u. 
of charge. Now, the potential on the surface of the conductor relative to that 


Q [The charge of the conductor is supposed to be concentrated 


t infinity is V=—. 
at infinity is R 


at the centre]. 

Hence, the capacitance of the sphere c-g- da^ 

ie. the capacitance in e.s.u. of a sperical conductor placed in air is numeri- 
cally equal to its radius. 

The sphere, whose radius is 1 cm., has capacitance 1 e.s.u. So, in order to 
make the capacitance of a sphere 1 farad or 9x10" e,s.u. the radius of the sphere 
should be made 9x10" cm. For this reason capacitance is sometimes expressed in 
terms of centimetre. For example, the capacitance of a conductor is 5 cm. means 
the capacitance in air of a spherical conductor of radius 5 cm. 

[N.B. The radius of the earth is 64x 10? cm ; a sphere of 1 farad capacity has a radius of 
9x10% cm i.e. one thousand time more than the radius of the earth. This shows how big the 
unit ‘farad’ is.] 

If the sphere described above is surrounded by a medium other than air, 


whose di-electric constant is K, then the potential of the conductor is y= 


Hence its capacitance c=S-KR. 


This means that the capacitance of the sphere increases K times, when it is 
surrounded by the above medium than when it is in air. 
Example : Jf the earth is supposed to be a perfect sphere of radius 6400 kilo- 


metres, what would be its capacitance in micro-farads ? I microfarad=9 x 105 e.s.u, 
(H.S, Exam. 1981] 
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Ans. Radius of the earth=6400 kilometers=6400 x 105 cm. 


Hence, capacitance=6400 x 105 inae =711'1 micro-farads. 


3,5. Potential energy of a charged conductor : 


Suppose the capacitance of a conductor is C ¢.5.U. and its potential 
becomes V ©.S.U. when it is given--Q e.s.u. of charge. Now, by potential 
of a conductor we mean the work done in bringing a unit--ve charge from 
a very far away point to à point very close to the conductor. If we suppose 
that the charge+Q is not given to the conductor all at a time but is given 
in small instalments so that due to this gradual supply of charge, the potential 
of the conductor slowly rises from zero to V, then the total work done in 
completing the process will remain in the conductor as its potential energy. 

To calculate the potential energy in a simple way, we may assume that the 
potential of the conductor has not undergone a gradual change but has remained 
steady at the average value V/2 e.s.u. during the whole process. Under this cir- 
cumstances the work done in giving the charge -+Q to the conductor 

W —average potential x charge 
=4Vx Q=4V Xx CV-4CV* erg. (7. Q=CV) 
Hence, the potential energy of the conductor=}CV* erg. 
Alternatively, 


1 2) QO? Q 
=}4CV?= =) te | UU —* 
the potential energy i $C ( € $= erg Leg 


(N.B. If C is expressed in farads, Q in coulombs and Vin volts, the potential energy should 
be expressed in Joules.] 

[Calculus treatment : Suppose a conductor of capacity C e.s.u. is charged with + Q e.s.u. of 
charge and the corresponding potential itacquiresis Ve.s.u. The charge is given to the conductor 
not all at once but by small quantities of- ve charge in succession. Now, suppose q is the 
charge the conductor acquires in this process at any instant and the corresponding potential 
is v. If at this stage, & small charge +dq is given to the conductor, the corresponding work 


rre seven 
done dW —* x dq cd E v l 


;. Total work done i.e. the potential energy stored in the conductor, is the integration 
of dW between limits q=0 and g=Q (the final charge) 


Q Q Q 
$ SUN f A Eran ANO Nao 
E T REA fae 
cac) ^^ Ata (| 3c eus | 
0 0 


3.6. Sharing of charges between two conductors at different potentials : 
Suppose two conductors A and B of capacitances C; and C; respectively are 
given charges Q; and Q, respectively. 


The potential acquired by the conductor 4— 2- V, (say) 
1 


and ” " » *» 0» ” BaZa, () 
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If the conductors are now joined by a thin and long wire, charge will flow 
from the conductor of higher potential to the conductor of lower potential till 
their potentials are equalised. If V2» V,, charge will flow from the conductor A 
to the conductor B. Suppose the common potential of the conductors after 


connection=V. 
Since, the total charge of the conductors before and after connection remains 
the same, we have 0=0,4+0, 
or V(Cy+C2)=ViCit+V2Ce 
v= WC Vic. Qi Qi. Total charge © 
C+C: C,+C, Total capacitance ba 
After connection, if the conductors A and B retain charges q, and qy due to 
sharing of charges, then 


(Q: Q») Q e. 
q-06.V-06 3 = LG bun 
ars NGC EC. CybCs (i) 


(Q0) . C:O ... (iii) 
CC, | C; TC; 

If the conductors are spherical, having radii R, and A, respectively, then 
we know, C, Ri (numerically) and Ga=Rz, 


and q9— C,V — C, 


RQ RQ 
n= - d s aera 
In that case, qı RRs and qs EFRI 
Loss of energy due to sharing of charges : 
It may be proved in the following way, that there is always a loss of energy 
to sharing of charges between two conductors. 
Referring to the case mentioned above, total energy of the conductors A 


and B before connection =$C,V,2+-4C2V2" 
Total energy of the conductors after connection and sharing of charges, 
=4C,V244CV?2=3V (Cit Cs) 
= (CVs + CY" From eqn. (i 
aUAtC) OFCN [From eqn. (i) 
QC OY EG? 
C+C: P 
(Ci - Cis 
Loss of energy CF), 
vd (C,-- C3) (GA CA GRO | 
Z C1 Cs 


due 


4 Ge V2? 
C+C: 
This is a positive quantity irrespective of the 
nductor are connected by a 


two charged co / 
total energy is conserved, this energy appears 


light energy: 


values of V, and V,. Thus, whenever 
wire, there is a loss of energy. As 
as spark producing heat, sound and 


280 A TEXT BOOK OF PHYSÍCS 


Example 1. A conductor of capacitance 15 units is charged to a potential 


of 40 units and is then made to share its charge with an uncharged sphere, whereby 
the common potential drops to 30 units. Find the radius of the sphere as well as the 
charges shared by them. What will be the loss of energy due to sharing of charges ? 
Ans. Here, C,—15 units and V,—40 units. 
Hence its charge Q-C,V,—40x 15—600 units. 
Now, common potential y... Total chargera 60 
Total capacitance 15+Ce 


30 A or, Cą=5 units. So, the radius of the sphere—5 cm. 


15+C, 
CiO 15x600 : 
= 1% Ll —-450 
Again, qı GG 1545 units 
and q= CQ _ 5600 _ 159 units. 


[ORC ENSE 
C,CX V, —V3?* 15x 5(40—0)? 

Also loss of ay OX gx MAL 73000 ergs. 
so loss energy=} CC i 155 ergs 

Example 2. A spherical conductor of 10 cm radius "is charged with +100 
units of charge and it is then connected with another spherical conductor of 5 cm. 
radius carrying —50 units of charge. What will now be the charge on the spheres ? 
Find also the potential of each sphere before and after connection. 

Ans. Total charge Q—100— 50=-+50 es.u. ; charge on the sphere of 


50x 10 
r —33:3 e.s.u. ; So, the charge on the other 


nan ^ 0045 
sphere—50— 33:3— 16:7 e.s.u. 


radius 10 cm.— 


Potential of the Ist conductor before ee ee hide 
capacity 10 


=+10 e.s.u. 
2nd ” ” ” 2-59. — 10 e.s.u. 


Potential after contact (common) = e See iS 9 = 30. 
pacity os 15 


=+3°3. e.s.u. 


3.7. Capacitor and its principle : 

A capacitor is an electrical arrangement for storing up electric charges in 
much the same way that a reservior is a container for storing up water. The 
general form of a capacitor is that of two conductors—one insulated! and 
the other earth-connected— placed close to each other, with the intervening space 
filled up by air or any other non-conducting medium. The capacitors in 
practical use have simple geometric shape. For example, in a parallel-plate 
capacitor, two parallel conducting plates are used or in a spherical capacitor. 
two concentric metallic spheres of different radii are used. d 


CAPACITANCE AND CAPACITOR 281 


Principle : Suppose A is an insulated metallic plate and it is charged to a 
potential+V. On bringing a similar plate B 


(uncharged) near it, induction takes place. The Rise A B 
inside surfaceof the plate B acquires —ve charge +\4+ -|+ wp ss 
and the outside surface --ve charge [Fig. 3.4) ea E e PME 
Now, the negative charge on the inside surface 
of B will tend to decrease the positive potential D p VENE 
of A but the positive charge on the outside +/+ -|+ +/+ = 
surface of B will, however, try ot increase tavi. Ad Mp 
the positive potential of A. Since the nega- 
tive charge of B is nearer to the plate A, its 

{i) (ii) 


influence will predominate and the potential 
of A, on the whole, will decrease a little. Fig. 3.4 
Consequently, the capacitance of the plate A 


will increase because Caz, . The plate A will, therefore, take some more charge 


in order to restore its potential to V. 
If the plate B is now earth-connected, the free positive charge on it at once 


flows to the earth [Fig. 3.4 (ii)]. Its influence on the potential of the plate 
A will now be absent. As a result, the potential of the plate A will decrease still 
further so that it will be able to hold more charge to make its potential V ; in 
other words, the capacitance of the plate A increases very much. 

This arrangement of artificially increasing the capacitance of an insulated 
conductor by bringing an earth-connected conductor in its vicinity, is called a 


capacitor. 


Significance of a capacitor : Question may arise as to what is the significance 
of artificially increasing the capacitance of an insulated conductor. 

Electric charges need be stored for some practical purposes and electric 
capacitors have been devised in order to store a large quantity in comparatively 
smaller space. 

If a conductor be given charges gradually, its potential rises until at a very 
high potential, charges begin to leak away from the conductor in much the same 
way as water spills out of a vessel when the vessel is full to the brim. Ordinarily, 
a conductor has a limit to hold charge, which depends upon the shape, size and 
the surrounding medium of the conductor. If, in that condition, the potential 
of the conductor be somehow decreased, the leakage of charge will stop and the 
conductor will be in a position to hold more charge. The function of a capacitor 
is to enable its insulated conductor to hold more charge, by keeping its potential 
low. The plate A of the capacitor shown in fig 3.4, would hold more charge in 
presence of the earth-connected plate B than it would in absence of the plate B. 


Charging and discharging of a capacitor : 

When a capacitor is connected to a battery it becomes charged. The process 
is known as charging. When the battery is disconnected and the plates of the 
capacitor are joined together by a wire, the capacitor loses its charge. The 
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process is known as discharging of a capacitor. These processes take place in 
the following way. 


Suppose a capacitor, consisting of two plates A and B, is connected to a 
battery of e.m.f.£. Electrons flow from the 


+ = 
B+ -|A negative terminal of the battery on to the plate 
En T A of the capacitor [Fig. 3.4 (a)] and at the same 
© rre rate, electrons flow from the other plate B of 
Vies i the capacitor towards the positive terminal of 
| © the battery. Positive and negative charges thus 
appear on the plates and oppose the flow of 
Hr electrons which causes them. As the capacitor 
E is charged due to accumulation of charge in the 
Fig. 3.4(a) plates, the potential difference between them 


increases and the charging current falls to zero when the potential difference becomes 
equal to the battery e.m.f. E. Ifa suitable current meter (say a micro-ammeter) 
is included in the circuit, the meter will record maximum current when the circuit 
is switched on but the current slowly decreases to zero when the p.d. between the 
plates A and B equals the battery e.m.f. E. The capacitor is then said to be fully 
charged. The process of charging, it is to be remembered, is not instantaneous. 
It takes some time for the capacitor to be fully charged. The current at the 
commencement of charging is maximum and it gradually falls to zero value as the 
charging continues, 


When the battery is disconnected and the plates 4 and B are joined together 
by a wire, electrons flow back from the 
plate A to plate B until the positive charge 
on B is completely neutralised. A current, 
known as discharge current flows fora i 
time in the wire and at the end of the time, | 
the charges on the plates disappear. The 
meter included in the circuit will show 
the same maximum current as before | 
but in the opposite direction when the plates LT 
A and B are joined. Then the current 
slowly decreases to zero. The capacitor is, 
then said to be completely discharged. 

The process of discharge is also not Fig. 3.4(b) 
instantaneous. It takes some time for the 

capacitor to lose its charge completely. Discharge current at the commencement 
of discharge is also maximum and it gradually falls to zero value as the 
discharging process continues but the charging current and discharge current are 
oppositely directed [Fig 3.4(b)]. 


Discharge current 


3,8. Capacitance and potential of a capacitor : 
A capacitor has two plates—one insulated and the other earth-connected. 
The capacitance of a capacitor means the capacitance of its insulated plate. 
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Definition : The capacitance of a capacitor is defined us the ratio of the 
charge given to its insulated plate to the difference of potential between the plates. 


Charge given to the insulated plate 


Capacitance of a capacitor = 
P. D. between the plates 


If C be the capacitance, 7 the charge given to the insulated plate and V the 
p.d between the plates of the capacitor, then 


d 
C=— 1 OF 
pod C.V. 


It is to be noted in this connection that capacitance is essentially a positive 
quantity. It has no negative value like potential or charge. Further, the capa- 
citance of a conductor and that of a capacitor are expressed in the same unit. 
In the same way, the potential of a capacitor means the potential of its insulated 
plate, the potential of the other plate being zero. 


An analogy can be made between a capecitor carrying a charge g and a rigid container of 
volume v containing ” moles or à perfect gas. The pressure of the gas P is directly pro- 
po.tional to 7 when the temperature remains constant, according tu the ideal gas equation 


v 
(az) P. wheie Ro is the universal gas con.tant. 
0 


For the capacitor, q=(C).V 
Comparison shows that the capacitance C of the capacitor is analcgcus to the volume e 


of the container, provided the temperature remains fixed. 


It 1s to be noted that any amount of charge can be put cn the capacitcr and any mass ot 


gas can be put in the container, upto certain limits. The limits correspond to electrical rupture 


or b.eakdcwn for the capacitor and to mechanical ruptuie of the wall: ror the container. 


3.9. Specific inductive capacity : 


The medium filling up the space between the plates of a capacitor is called 
the di-electric. Yt has been found experimentally that if non-conductors like 
paraffin, sulphur, glass, ebonite, mica etc. be used instead of air as dielectric 
in a capacitor, its capacitance is greatly increased. Michael Faraday, in 
1837, first investigated the effect of filling the space between the plates of a 
capacitor with a non-conducting material. He constructed two identical 
capacitors, in one of which he placed a dielectric, the other containing air 
at normal pressure. When both capacitors were charged to the same potential 
difference, Faraday found that the charge on the one containing the dielectric was 
greater than that on the other. Since q is larger, for the same V, if a dielectric is 
present, it follows from the relation C=q/V that the capacitance of a capacitor 
increases if a dielectric is used between the plates. For these reasons, the 
above non-conductors are said to have greater specific inductive capacity 


than air. 
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The specific inductive capacity (abbreviated as S.I.C.) of a medium is defined 
as the ratio of the capacitance of a capacitor with the medium as dielectric to J 
the capacitance when air is used as a dielectric. In other words, S.I.C. of a 


Capacitance of the capacitor with the medium as dielectric 
Capacitance of the capacitor with air as dielectric. 


dielectric, K= 


For example, when glass is used as dielectric in a capacitor, the capacitance 
is found to be 8:5 times its capacitance when air is used as the dielectric. Hence, 
the S.I.C. of glass is 85. It is to be noted that specific inductive capacity is also 
known as dielectric constant. 


Action of a dielectric : 


We know that a molecule is a collection of atomic nuclei, positively charged 
surrounded by a'cloud of negatively charged electrons. Ordinarily the centre 
of gravity of the electrons of an atom coincides with those of the protons (or, the 
c.g. of negative charges coincides with that of positive charges) [Fig. 3.5(i)] so 


A B 

+ 
+ | 
+ 
+ 
+ 

No net Net-Ve Net +Ve 

charge charge ^ charge 

; — FIELD Dietectric 

m Gi) (iii) 

Fig. 3.5 


that the atom has no net charge. On applying an electric field, the nuclei (i.e.--ve 
charges) are urged in the direction of the field and the electrons (i.e. aa bstive 
charges) in the opposite direction [Fig. 3.5(ii)]. Thus each molecule ET d 
one end having an excess of positive charge and the other an excess of negati : 
charge. Such distorted molecules are called polar molecules. When a Eo 
is in a charged capacitor, its molecules are in an electric field and are consequenti 

polarised. At the surface of the dielectric, therefore, charges appear as dd 
in fig. 3.5(iii). These charges are of opposite sign to the charges on the al 
Aand B and so reduce the p.d. between the plates. As the capacitance is ig 

proportional to the p.d. between the plates, insertion of the dielectric à 
increases the capacitance of the capacitor. j 


Some molecules, it is believed, are permanently polarised, F 
the water molecule consists of an oxygen atom with two hydrogen atoms, makin 
roughly a right-angled structure. It is found that the apex of this iun le is 
negatively charged and its base is positively charged. Dielectric whose spas 


therefore, 


or example 
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are permanently polarised, increases the capacitance of a capacitor more than 
those whose molecules are polarised merely by the action of the electric field. 


3.10. Different types of capacitors : 

(i) Parallel plate capacitor : A parallel plate capacitor consists of two flat 
metal plates of any shape, kept parallel to each 
other at a little distance away. If a glass 
plate be inserted between the plates as shown 
in fig. 3.6(i), the capacitor is known as 
Epinus’s parallel plate capacitor. 

(ii) Spherical capacitor : A spherical 
capacitor consists of two concentric spheres 
of different radii—one being charged and the 
other connected to the earth. The space 
between the spheres may be filled up by air or Fig. 3.6(i) 
any other medium. 


(iii) Cylindrical capacitor: It consists of two co-axial cylinders. The cylinder A 


is charged and fixed. Leaving a little gap, there is another earth-connected cylinder 
C kept co-axially with A. [Fig. 3.6(ii)]. The 


pes. A es c purpose of the cylinder C is to keep the lines 
Q: Sc of force at the end of the cylinder A undis- 
ETT + torted. The cylinder B inside, is co-axial 
t with outer cylinder A and can move along the 
Fig. 3.6ii) axis forward or backward. It is earth- 


connected. A micrometer screw M is provided to measure the displacement of 
the cylinder B. In order to protect the charged cylinder A from the influence of 
stray, outside electric field, it is covered by another earth-connected cylinder Q 
(shown by dotted line). 


(iv) Variable air capacitor : It is, in fact, a modified parallel plate air 
capacitor. Its capacitance can be varied at will. These capacitors are commonly 
used in radio sets. It consists of two sets of aluminium plates—one set fixed and 
the other movable. When the knob is turned, the S 
movable set of plates rotates between the fixed set, 
thus increasing or decreasing the effective plate area 
and hence the capacitance. Between two sets of 
plates, air acts as à dielectric. The less the thickness 
of the air film, the more will be the capacitance. 

Fig. 3.6 (iii) shows the type of variable air capacitor. 
The shapes of the plates are such that when the knob K 
is turned in one direction, the effective plate area increases 
or decreases uniformly, causing a uniform variation of 
its capacitance. In the figure, 4 represents the fixed 
plates and B the rotating plates. The plates A are joined Fig. 3.6(iii) 
to the terminal S and the plates B to the terminal S}. 
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(v) Mica capacitor or block capacitor : This is a type of parallel plate 
capacitor in the form of a small block and fixed in 
the sense that no parts in it are movable and the 
capacitance cannot be varied. This type of capacitor 
a is widely used in radio sets. It consists of alternate 
sheets of tin-foils shown by thin lines and paraffined 
paper shown by thick lines [Fig. 3.6 (iv)]. In this 
case, odd foils are connected together and finally 

Fig. 3.6(iv) connected to the external terminal 4. Similarly, 
even foils are connected to the terminal B. The arrangement, as a whole, cons- 
titutes a large parallel plate capacitor with a core of 
paraffined paper. 


(vi) Paper capacitor : It is the most common 
type of capacitor widely used in radios and the ignition 
system of automobiles. Two long strips of tin-foils 
are glued to the two faces of a thin paper or polyester 
film. The paper is generally soaked in paraffin or 
oil and rolled up with another paraffin strip of 
paper into a small compact unit. Each sheet of 


A B 


tin foil becomes one plate of the capacitor and WAXED PAPER 
the paper becomes the dielectric separating them. ; 
[Fig. 3.6 (v)]. Fig. 3.6(v) 


(vii), Electrolytic capacitors : Electrolytic capacitors are made by passing 
a direct current between two sheets of aluminium foil, with a suitable electrolyte 
or liquid conductor between them [Fig 3.6(vi)]. A very thin film of aluminium 
oxide is then formed on the anode plate which is on the positive side of the d.c. 
supply. This film is an insulator. It forms 
the dielectric between the two plates, the 
electrolyte being a good conductor. Since 
the dielectric thickness ¢ is very small and 


Coc! the capacitance can be very high. 


Several thousand microfarads may easily 

be obtained in a capacitor of small volume. 

Fig. 3.6(vi) To maintain the oxide film, the anode terminal 

is marked with red colour or with a--sign. This terminal must be connected to 

the positive side of the circuit in which the capacitor is used, otherwise the oxide 

film will be damaged. The voltage applied to it must not exceed a value determined 

by the thickness of the dielectric film and marked on the body of the capacitor ; 
otherwise the layer of aluminium oxide may break down. 

The above conditions limit the usefulness of these capacitors. They are not 
very reliable too, because the oxide layer is apt to break down with age. The 
only advantage of these capacitors is that they provide a high capacitance in a 
limited space. They are used in domestic radio receivers but in high grade appara- 
tus, they are avoided. 
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In some variety of electrolytic capacitors, tantalum sheets are used as elec- 
trodes. They are kept immersed in an electrolyte of sulphuric acid, 


3.11. Calculation of capacitance of some types of capacitors : 


(i) Parallel plate capacitor : If the charged plate A and the earth-connected 
plate B of the capacitor are of same shape and size, 
[Fig. 3.7], and if they are very near to each other, the 
lines of force between the plates are straight and 
parallel. Consequently, the intensity of electric field 
between the plates may be regarded uniform. 

Suppose, area of each plate—« sq. cm. 

charge given to the plate 4=+ Q e.s.u. 
distance between the plates=d cm. 
dielectric constant of the medium=K. 


` The surface density of charge in the plate 4 is s ; if the intensity of the 


4 
field between the plates be E, then it can be proved that E=—. 


If the potential difference between the plates be V e.s.u. (the plate B being 
earth-connected has zero potential) then according to the definition, V—work 
done in bringing a unit-- ve charge from the plate B to the plate A=force on unit 


charge x distance= Rid xd 


; : LOB On Corns 
If C be the capacitance of the capacitor, Cage my 353 
K 
į Kao. Ka 
Now, charge on the plate A is Q=ao .. C= = 2T esU. 
: 4 d nod grd a 
If the medium be air, then K=1, and in that case, C= im €.S.U. 
Ti 


Example 1: Calculate the capacitance of a. parallel plate capacitor, the 


_ potential plate of which has an area 200 sq. cm. The distance between the plates 


is 1 cm. and it is filled up by an ebonite plate of S.I.C.—3. 


Ans. The capacitance of a parallel plate capacitor is given by, 
C= at e,s.u. ; Here, K=3 ; «—200 sq. cm ; d—1 cm ; so, 


4nd 
3x 200 
Cz = 47 
pazi 47°7 e.s.u. 

Example 2: The distance between the plates of a parallel plate air capacitor 
is | mm. What should be the area of the plate so as to make the capacitance equal 
to 1 micro-farad ? 

Ans. For aparallel plate air capacitor C= E enw aie x all 

j 4nd ^ ^ 4nd 9 


farad. 
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Here C=1 micro-farad=10-* farad ; d=1 mm.=0°1 cm. 
1 
Qu o LES | eg 
We aaxgl 8, 
or, a—4nx0'lx9x 10° sq. cm.—1:13 x 10° sq. cm. 


Example 3: A capacitor has square plates, each of side a, making an angle 
0 with each other as shown ia Fig. 3.7(a). Show that 


Ka a0 
j EM cake (,. 0 
for small 9, the capacitance is given by 4 (1 a) 


where K is the dielectric constant. 


È Ans. The distance between the plates at left 
a end —d and that at right end=d-+a sin 0=d+a0 
' [- 0 is small] 
op ited pee p? ^. Average distance between the plates 
Fig. 3.7(a) —3Md--d-4-40] —d-4-3.40. 


We can now consider the arrangement as à parallel plate capacitor whose 
plates are separated by a distance —d--3.a0. 
Now, for parallel plate capacitor, 
FNET SW PS. a BE i) - (1-2) 
4nxdistance 4n(d+4a0) 4nd d 4nd 2d 
(ii) Capacitance of a parallel plate capacitor with a compound dielectric : 
The two plates 4 and B of a parallel plate capacitor are separated by a 


distance d and the space between them is A +Q 
filled up by a medium of dielectric constant 


ic kK 
K,. In this space another medium of thick- 4 YYW 


ness t and dielectric constant K, is introduced. Dii -Q. 

[Fig. 3.8] Such arrangement is called EE I 
a capacitor with a compound dielectric. It : = 

is clear from the figure that the thickness of Fig. 3.8 

the dielectric K, in this case, is (d—t). The ^N 

introduction of a second medium does not, however, disturb the uniformity of 
the field in the capacitor. 


Let « be the surface area of the charged plate A and, therefore, its surface- 


vw 


density of charge se, where Q is the charge given to the plate. If E, be the 


intensity of the uniform field in the dielectric K;, then ES and that in the 
1 


dielectric Kə is Bae If V be the p.d. between the plates, 


2 


4x0 . 4nc d-t, t 4nQ/d—t, t 
batt, tae ots) lt 
K, (6-9 K; ral K K a\K ^ K, 
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If C be the capacitance of the capacitor, c=$—-_*__ 
4x [ — a 
« KK. 


‘ AGTA 


| If K,—1 (air) and K,—K, then, Seba eRe 
&(a- eX) 


[Note : It is to be noted that the introduction of a dielectric of thickness ¢ 
| in the air medium of the capacitor increases the capacitance. To get back the 


| previous value of the capacitance (- a) the distance between the plates is to be 


| increased. If the increase of distance be x, then it is easy to see that x- tT 


1 
or x1(1 = zen 


Example : On introducing an insulating material, 4 mm. thick, into the space 
between the plates of a parallel plate capacitor, it was found that in order to restore 
the capacitance to its original value, the distance between the plates had to be 
| increased by 3:5 mm. Calculate the dielectric constant of the material. 


| Ans. To restore the capacitance to the original value, the increase of distance 


is given by, x=t ( -k) Here, x—3:5 mm ; t=4 mm ; hence ss-a(1 -3) 


or SS ER 


So, the dielectric constant of the material=8. 


(ii) Spherical capacitor : Suppose, the radius of the inner sphere is rı 
and that of the outer sphere rẹ The inner sphere 
is given a charge of--Q units and the outer sphere 
is earthed (Fig. 3.9). 

If V be the potential of the inner sphere, then, 

V=potential due to its own charge (4-Q) 
--potential due to the charge (— Q) induced on the 
inner surface of the sphere B. 


-9 9 o(1_1)\_o(nmn 
EC 2-e(r =) o (=) 


If C be the capacitance of the capacitor, 
NEL Ln Q SEES. 


If the medium between the spheres be something else than air, having dielectric 


Kr. 
constant K, then, C= AM esu. 


MeN 
Ph. II—19 
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[N.B. (i) Capacitance of the inner sphere alone is its radius r;. The effect of surrounding 
the sphere by an earth-connected concentric sphere of radius re, is to increase its capacity from 
ra to ryral(rs—r3) 

1l» Le 


(ii), Capacitance CaS "1 which is very nearly equal to rı if ra is very 
rar inns 
great ; but as r; becomes smaller the capacity increases until when ra is very nearly equal to 


r, the capacity becomes very great. 


(iii) If the inner sphere is earthed and the outer sphere charged, itmay be shown that the 
2 


Kr 
capacitance C= E 


rN 


3.12. Combination of capacitors : 


(i) Series combination : In series combination of several capacitors, the 
second plate of the first capacitor is connec! ed 
to the first plate of the second capacito: ; 


€, 3 
(iw de dh the second plate of the second capacitor to 
M ski. EY b the first plate of the third capacitor and so 
t - p t - on. All the plates of the capacitors except 
E 


the last plate of the last capacitor, are 

insulated. The last plate of the combination 

Fig. 3.10 is earth-connected (Fig. 3.10). If the first 

plate A of the first capacitor be given a 

charge+ Q, it will induce — Q charge on the inside surface of the plate B and +Q 

on the first plate C of the second capacitor. In this way induction will take place 

from capacitor to capacitor due to which the first plate of each capacitor will 

get-+ Q charge and the second plate-- Q charge on its inner surface. If the p.d.'s 

between the plates of the successive capacitors be Vj, V2, V; etc, and that between 
the plates A and G of the whole combination be V, then, 

V=V;, + Vat Vat ++ 0€ (i) 

Suppose, instead of the combination, a single capacitor of capacitance C; 

is used such that the same charge-- Q given to the single capacitor produces à 

p.d. of V between its plates. The single capacitor, in this case, will be called an 

equivalent capacitor. For equivalent capacitor, y-2. 

8 
On the other hand, if C,, Cy, C; .. etc. be the capacitances of the individual 


capacitors of the combination, then we have, nae: V= Q etc. 
1 


2 
So, according to the eqn. (i) we have, 


Q.g QU T UI 
GG o OP VN a ee 
ie. the reciprocal of the equivalent capacitance is equal to the sum of the 
reciprocals of the individual capacitances. Tt is to be noted that the equivalent 
capacitance in series combination is less than the capacitance of any individual 
capacitor of the combination but the series combination produces a high potential 
difference. 
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(i) Parallel combination : In this combination, the insulated plates of 
a number of capacitors are connected to 
one point M while all the earth-connected 
plates are joined to another point N. A 
source of electric charge is connected to 
the point M and the point N is grounded 
[Fig. 3.11]. In this arrangement, each 
capacitor has a potential difference V, 
but the charges will be distributed among 
them according to their capacitances. 
If the charges in the successive capacitors 
be Q,, Q», Qa, etc, then the total charge Q— Q;-- Qs Qst-.--(i). 

Suppose, instead of the combination, a single capacitor of capacitance Cp 
be used such that same charge+@ given to the single capacitor produces a p.d. 
of V between its plates. The single capacitor, in this case, will be called an equi- 
valent capacitor. For equivalent capacitor, therefore, Q=CpV. 

On the other hand, if Ci, C» Cs.. etc be the capacitances of the individual 
capacitors of the combination, then we have, 

0,=C,V ; O.=C.V ... etc. 

So, according to the eqn. (i) we have, 

CoV =CV+C,V+C,V+.....- 
or.C5— C +C F Cg... 

i.e. the equivalent capacitance is the sum of the individual capacitances. It 
is to be noted that due to parallel combination, the equivalent capacitance is 
greatly enlarged. 

[N.B. It should be noted with care that these two formulae are just the reverse of those 
for series and parallel resistors.] 


Fig. 3.11 


Example 1: Two condensers have capacitances of 10 and 15 units 
respectively. The first one is charged to 10 and the second one to 5 units of potential. 
If the condensers are connected in parallel, what would be their common potential ? 

: [H. S. Exam. 1978] 


Ans. The charge in the first condenser, q, =capacitance x potential 
=10x 10—100 units 
„ second condenser g.=capacitance x potential 
=15x5=75 units 
Total charge—4;--q,—100--75—175 units. 


Since the condensers are in parallel, their total capacitance 
=10+15=25 units 


” 5 3 


Total charge 215.4 $ ns 
„ capacitance 25 
Example 2: Find the charges on the capacitors in fig. 3.12 and the potential 


differences across them. 


Common potential= 
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Ans. Capacitance between A and B, C'=C,+C,=31F (connected parallel). 
Overall capacitance between B and D, 


PA ces Mot oen i tm 
By ee ores eee 
p 94 JG Here, C, may be supposed to be in series 
c=? uF G5 with C'. 
Cg=1 uF Charge stored in the capacitance C=Q,= 
t------| — CV=1:2x 10-8 x 120—144 x 1075 coulomb 
V=120volts : 1 144 10-8 
Fig. 3.12 oe n= B= FLOT =72 volt. 


Also, Ve=V—Vi=120—72=48 volts. 
Q,—C,V,—2x 10-* x 48—96 x 10 coulomb. 
Q, =C V,—1 x 107*x 48=48 x 107? coulomb. 
Example 3 : Find the equivalent capacitance between A and B of the arrange- 
ment shown in fig. 3.13. Suppose C,=10pf; Ci—5uf A i 
and C,—4yf. 
Ans. As C, and C, are in series, their equivalent e 


: NE ;, CQXC, 10x5 10 j 
capacitance is given by C -ora 105 3 uf " 
Again C, and C' are in parallel ; the equivalent capa- 
B 


citance between A and B=0,4 C= 1442-133 uf. 


C3 


Fig.3.13 
Example 4: From the fig. 3.14, find the value of the capacitance C if the 
equivalent capacitance between points A and B is to be 1 microfarad. All the 
capacitances are in microfarads. [Z.I.T. 1977] 
Ans. As 2uF and 2pF capacitors are in parallel their equivalent capacitance 
C,=2+2=4uF. Again 8yF and C, being in series, their equivalent capacitance 
_8xC,_ 8x4 8 


4 . 
c= =-——=- uF. Again 12yF and 
Mss sth pr 2] ? 84G 844 3 
ie ae 4 


6uF being connected in series, they give an 


equivalent capacitance Oma =4uF. 
2 a 12 Again C, and 4p are in parallel combina- 


p tion. So, their equivalent capacitance C,— 
C54-4—4--4—84F. Now, 84F and 4uF being 


Fig. 3.14 4 K H . 
in series, they give an equivalent capacitance 
8x4 8 : : : 
E p que This $uF and C; (found earlier) are in parallel connection. Their 
equivalent capacitance C;=$+C,—§+$=19 uF. Finally C; and C are in series 


&x Wr, I 
G6 A$rC 1643€ 


combination. Their equivalent capacitance C;— 


According to the question C,— 1 JF. 
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.. 16C 
164-3C 
Example5 : Two capacitors of capacitance AF and 2\\F are respectively joined 
in series with a battery of e.m.f. 100 volts. The connections are broken and the like 
terminals of the capacitors are then joined. Find the final charge on each capacitor. 


Ans. When connected in series, the equivalent capacitance C is 


or C-49—13, pF. 


3 
==> 4 C-$ pE 


Charge on each capacitor—charge on equivalent capacitor=CV= 
410-8 x 100=422 x 10-5 coulomb. When connected in parallel, they have a 
common potential, say V;. Since total charge remains same, the initial total charge 


= m *) x 10-* coulomb=(4+-2) V, x 10-9... Wer volts. 


> 1 
Charge on larger capacitor=4 x be uc. 
charge on smaller — ., xi F uC. 


Example 6 : A parallel plate capacitor consists of two plates of area 500 sq. 
cm. each separated by a sheet of mica 0075 mm. thick. Find its capacity in 
micro-farads, if dielectric constant for mica is 6:5. 


Ans. For a parallel plate capacitor, we know CE e.s.u. 
TC 


6:5x 500 6:5x 500 
73x 314x00075 ^57 3x:3:344x00075x 9x 105. | PSHE. 
Example 7: The thickness of air layer between the two coatings of a 


spherical air capacitor is 2 cm. The capacitor has the same capacitance as that of 
a sphere of 120 cm. diameter. Find the radii of the surfaces of the air capacitor. 


Hence, C: 


Fafi 
ra= 


According to the problem, C=60 e.s.u. and r,—r,—2 cm. 


Ans. For a spherical air capacitor, we know C= 


"5 60-7 or, rj—120 


Now, we have, rg—7,—2 and r,.rs.—120 

(ratr)? =(ra —7)*--4n,04—44-480—484 ~. ry 022 cm. 

Solving, we get r,—12 cm. and r,—10 cm. 

Example 8: Each of 64 identical water droplets is charged with a p.d. of 
220 volts. What will be the p.d. if all the droplets coalesce to form one single large 
drop ? What will be the change of energy of the system. 

Ans. Letr be the radius of each droplet and R that of the single large drop. 
Since the total volume of all the 64 droplets is equal to the volume of the single 
drop, we have $xR9—64x $nr* or R?—64r? or R—4r. 
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Now, the capacitance of each small droplet, C,—its radius=r e.s.u. 
Similarly a » large drop, C,=its radius=R e.s.u. 
Charge on each droplet, q,— C, Vi—rX 335 e.s.u.—1 Xr e.s.u. 

»  » large drop, q4—64X4,—64X ix r €.5.U. 

A. P-D. of the large POEM, p. ea Ga XIX 
» capacitance Cy, 15xR 


64x1lix, 176 176 
= = — @€5.uU.=— X ]t— E 
15:4 xr. 7 15 e.s.u 15 300 volt=3520 volts 


Again energy of the 64 droplets E,—64»x $C, ¥2=32 «nx (s) ergs. 


And energy of the large drop E,=}x Ca V.2=4x4rx (Ge) ergs. 


E, 2rX116X 116 15x15 
Eg AUS LIOS EIOS A 16 or, Es-316E, 
E XxrxMxHxIxB ^ SE 


3.13. Energy stored in a charged capacitor : 


The work done in charging a capacitor remains stored up in the capacitor 
as its potential energy. It may be proved in the same way as was done in art 
3.5 that if Q be the charge of a capacitor, C its capacitance and V the p.d. between 


2 
the plates of the capacitor, its potential energy w=} =40 V=4C.V.? 
G) If Q, Vand C are expressed in e.s.u., W will be expressed in ergs. 


In the case of a parallel-plate capacitor, e e.s.u. If the surface-density 
of charge on the plate of the capacitor be c e.s.u./em’, then Q—4c e.s.u. Hence 
the potential energy of a parallel-plate capacitor in e.s.u. 

A'c?x4nd  2no*A.d 
RA OF UK 

(ii) If Q, V and C are expressed in coulomb, volts and farads respectively, 

W the energy will be expressed in joules. 


2 
W= 2 = ergs. 


2-1 E KA 
In the case of a parallel-plat tor, == — = 
n the parallel-plate capacitor CO KA or C Gnd €.S.u. 


KA 1 : 
= q” pma If the surface-density of charge of the charged plate of the 


capacitor be c coulomb/cm? then Q=A.c. coulomb 
Hence, the potential energy of a parallel-plate capacitor, in practical units, 


Q? ,4?c?x 4nd 2n? A.d. , 
W-i1c- x9x101——— — —x9x 101 ; 
I6 xa K Joule 
[Alternative calculus proof : 


Suppose during charging, the capacitor has at any instant g amount of charge. If v be the 
potential difference between the plates of the capacitor at the instant, then g=C.v where C is the 
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capacitance of the capacitor. If, now, a small amount be charge dg be given to the capacitor, 
the work done dW=vxdg. The charge dq is so small that the p.d of the capacitor remains 
unchanged. So, total work done in giving the capacitor the full charge Q is 


sepa tae [EPS c rnit] 


Heat produced in charging a capacitor : 

If a high resistance R is included in the capacitor circuit, the rate of charging 
is slow. When the charging current ceases to flow, the final charge Q on the 
capacitor is same as if negligible resistance was present in the circuit, because the 
whole of the applied p.d. V of the battery which is used for charging the capacitor, 
appears across the plates of the capacitor when the charging is full. Thus, the 
energy stored in the charged capacitor—3Q.V. The source of this energy is 
evidently, the battery. But the battery, in supplying a charge Q at a p.d. V, 
spends an energy Q.V during the charging process. Half of it is stored in the 
capacitor. What about the other half ? The other half appears as heat in the 
circuit resistance R. If the resistance is high, the rate of production of heat is 
quick ; if it is low, the rate is also slow. In both cases, however, the total 
amount of heat produced is the same viz. } Q.V. So, we can conclude that 
when a capacitor is charged by a battery half the energy delivered by the 
battery is spent in charging the capacitor and half is dissipated as heat produced 
in the resistance. 

Example 1: Two capacitors of 2uf and 4pf capacitances are connected 
in parallel and a p.d. of 300 volt is applied at their terminals. Find the total energy 
stored in the combination. 

Ans. Total capacitance of the combination C=2+-4=6p/=6x 107* farad. 

So, the energy stored W—3CV*—4x 6x 10-9 x (300)?=0'27 joule 

Example 2: A parallel-plate capacitor has been formed with the help 
of two brass plates, each of area 1 sq. metre placed parallel to each other with a 
separation of 10 cm. If the intervening space be filled up with a glass block and 
if the surface-density of charged plate be 0:01 coulomb/sq. cm. find the potential 
energy of the capacitor. Specific inductive capacity of glass—8. 

Ans. Potential energy of a parallel-plate capacitor in practical units 
.. 2n0*A.d. 

K 


x9 10! joules. [ref. art 3.13] 


Here, c=0:01 coulomb/sq. cm ; A=1 sq. metre=100 x 100 sq. cm ; d=10 cm ; 
K=8. 
. * 2 2 li 2 4x 101? 
Reine, wa2X3 14x (001) s x10x9x 10 2 x3 ox 
=70'6x 10" joules. 


Example 3: The area of the plates of a parallel-plate capacitor is A 
and they are separated by a distance d. A battery charged the plates to a potential 
difference of Vy. Then the battery is disconnected and a slab of thickness d is intro- 
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duced into the plates. Calculate the energy of the capacitor before and after the 
introduction of the slab. Explain if there be any difference of energy. 


Ans. Before the introduction of the slab, the energy of the capacitor 
W,=}C,V,2.. After the introduction of the slab the capacitance C,— KC, and 
the potential V,— V;/K. where K=S.I1.C. of the slab. 

So, the energy of the capacitor after the slab is introduced W,—1C,V.?— 


VN, 
ke(2) = 2 
i Ax = 


Since K>1, the energy W, is less by a factor 1/K. The missing energy would 
be apparent to the person who introduced the slab. He would feel a “pull” on 
the slab and would have to restrain it if he wanted to introduce the slab without 
acceleration. This means that the capacitor--slab system would do some work 
on the person and the work= W, — W.=4C,V,2(1 —1/K). 


3.14. The Leyden jar : 


It is one of the earliest types of capacitors used in the laboratories for 
demonstration purposes. It is named so to commemorate the first attempt at 
storing up electric charge at Leyden in Holland in 1745. So far as the construc- 
tion is concerned, it is a parallel plate capacitor. 

The apparatus in the usual form consists of a fairly tall thin-walled cylindrical 
glass jar (V) with tin-foil coatings both inside and 
outside running up to about two-thirds of its length 
as shown in the fig. 3.15. The tin-plates (M; and 
M,) may be regarded as the plates of a capacitor, 
the glass wall being the dielectric medium. There 
is a lid S made of some non-conducting material 
tightly fitting in the mouth of the jar. Through the 
central hole of the lid is admitted a glass rod R. The 
lower end of the rod is in electrical contact with the 
inside tin foil (M;) and the upper end projects a little 
out of the jar and carries a small brass ball K known 
as the charging knob. Considering the Leyden 
jar as a parallel plate capacitor, its capacitance 
may be calculated in the following way : 

Suppose, r=radius of the cylindrical jar 
h=height of the tin plates 
d=thickness of glass wall 
K=dielectric constant of glass. 

Area of each tin plate A=area of the vertical portion--area of the round 

bottom—2nrh-- nr? 


Now, the capacitance of a parallel plate capacitor is 
c= KA_ KQnrh--zr*) Kr(2h4-r) 
4nd 4nd 4d 
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This expression shows that the capacitance increases when d is less and 
r is large. 

To charge a Leyden jar, hold the outside coating (M;) of the jar with hand 
(i.e. earth-connected) and bring the knob K in contact with the prime conductor 
of an electric machine. If the knob K is given negative electricity the inner tin- 
foil M, gets the negative electricity which induces positive charge on the inside 
surface of the tin-foil M; and negative charge on the outside surface. Since the 
outside surface is earth-connected, the free induced negative charges flows to the 
earth. To charge the Leyden jar positively, the charging knob should be given 
positive charge. 

To discharge a charged Leyden jar, a discharging tong as shown in fig. 3.16 
is to be used. It is made of brass and is provided with an insulating handle. 
The discharging process consists of bringing one of 
the knobs of the tong in contact with the outside 
tin-foil M, and the other knob slowly near the charging 
knob K of the Leydenjar. A spark will pass between 
the two and the jar will be discharged partially. If 
the tong be again brought in the same position as 
before, another spark, though comparatively feeble, 
will pass. This shows that a charged Leyden jar 
cannot be discharged by a single attempt. For Fig. 3.16 
complete discharge, several successive discharge processes are to be adopted. 

The appearance of residual charge after each discharge is explained in terms 
of energy being stored up due to straining of the intervening dielectric medium 
during charging. A series of discharge is necessary before the dielectric can 
recover itself fully from its electrical straining. Had the dielectric been a gaseous 
substance like air, the capacitor could have been discharged all at once. 

Example: The diameter of a Leyden jar is 15 cm. and its tin plates are 
18 cm. high. The thickness of the glass is 0'25 cm. If the dielectric constant of 
glass be 6'4, find the capacitance of the Leyden jar. 


Ans, For a Leyden jar, c—À e.s.u. where K=dielectric constant of 


the medium; «=the area overlapped by the inside and the outside tin-plates and 
d=thickness of glass. 
Here, K=6°4 ; «—nr?--27.r.h— [x X (T:5)*2-2x x 7°5 X 18] sq. cm. ; d—0:25 cm. 
c- 6^ x[zxx7:5x182-z(7:5)?] 
x 4n X025 


e.s.u =2088 e.s.u. 


3.15. Seat of charge in a Leyden jar : 

Where does the charge of a Leyden jar reside ? In the tin-plates, or on 
the glass wall ? If experiments are done with a Leyden jar whose parts are 
detachable, it will be seen that the charge resides on the glass wall i.e. on the di- 
electric medium. For this reason the dielectric of a capacitor is very important. 
The tin-plates only act as the conductors of the capacitor. 
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A and C are two separate conductors and G is a glass vessel [Fig. 3.17]. 
After charging the capacitor, the inner conductor 4 and the glass vessel G are 
removed by means of insulating handles and placed on à glass plate P. Now, 


Fig. 3.17 
the conductors 4 and C are examined with the help of an uncharged gold-leaf 
electroscope. They will be found to have no charge. The glass jar is next tested. 
Tt shows the presence of strong charge. 

Next, placing the different parts in their proper positions the capacitor is 
formed. Try to discharge the capacitor with a discharging tong. Sparks will 
pass and the capacitor will be discharged. This proves that the seat of charge is 
the dielectric medium. 


Exercises 


Essay type : 
1. What do you mean by capacitance of a conductor ? What are the factors on which 
it depends ? Explain with suitable experiments. 
2. Prove that the capacitance of a spherical conductor is numerically equal to its radius. 
What are the e.s.u. and practical units of capacitance ? What is the relation between them ? 
3. Obtain an expression for the potential energy of a charged conductor. 
4. “An arrangement which artificially increases the capacitance of an insulated conductor 
is called a capacitor"—explain the meaning of the statement. 
5, Whatisa condenser ? Explain the principle of a condenser. Define the capacitance 
of a condenser. State the factors on. which it depends. [H. S. Exam. 1980] 
6. Describe a parallel plate air condenser and obtain an expression for its capacitance. 
What change in its capacitance will take place if an ebonite plate is inserted between the parallel 
plates ? Explain, in brief, the action of the ebonite plate in this respect. 
7. Show that the capacitance ofa parallel plate capacitor c= A, where A=area of 
Ta 
any one plate of the capacitor and d=the distance between the plates. 
8. Deduce an expression for the capacitance of a spherical capacitor. How will its 
capacity change if the inner sphere is earth-connected instead of the outer one E 
9. Find the equivalent capacitance of a number of capacitors connected in (i) series and 
(i) parallel. 
10. Describe the construction of 4 Leyden jar. How can you charge and discharge a 
Leyden jar ? Describe an experiment to study the seat of charge in a Leyden jar. 
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Short PEINE 

11. “The capacitance of a conductor is 5 cm"—explain the statement. 

12. Thecapacitance of a capacitor is 12 Farad—explain the statement. [H.S. Exam. 1982] 

13. A charged spherical conductor may be considered as a capacitor. What is the other 
plate of the capacitor ? 

14. What are the potential and capacitance 
capacity ? 

15. The expression for the capacitance of a parallel plate capacitor is only approximately 
correct. What is the reason of it ? 

46. Two copper spheres of same radius—one hollow and the other solid—are charged to 
the same potential. Which one will contain larger charge ? 

[Hints : Both the spheres have equal charge ; charge always resides on the outer surface 
of the conductor and Q-CV. Radii being same, the spheres have equal capacitance. Since 
potentials are same, Q will also be same.] 

17. A capacitor is connected across a battery. Why does each plate receive a charge of 
exactly same magnitude ? Is this true even if the plates are not cf same size ? 

18. 'The dielectric constant of glass is 8:5'—what does this statement mean ? 

19. A liquid dielectric filled parallel plate capacitor has been designed to have a 
capacitance C so that it may be operated safely at or below a certain maximum p.d. of Vm without 
breakdown. However, the designer did not do a guod job and the capacitor occasionally suffe- 
red breakdown. What can be done tc redesign the capacitor, keeping C and Vm unchanged and 
using the same dielectric ? 

20. A very thin (thickness may be ignored) aluminium foil is introduced into the space 
between the plates of a parallel plate capacitor. What effect will it produce on the capacitance 
of the capacitor when (i) the foil is insulated (ii) the foil is connected with the upper plate 1 

21. (a) Will a capacitor hold more or less charge at a given potential difference when 
(i)there is a dielectric in the capacitor (ii) there is no dielectric ? 

(b) Two conductors carry like charges of the same magnitude. Can there be a p.d. 
between the conductors ? 

[Hints : Yes; if the conductors have different capacitance] [Jt. Entrance 1985] 

22. A dielectric slab is inserted in one end of a charged paralled plate capacitor (the plates 
are horizontal and the charging battery is disconnected) and then released. Describe what 
happens. Neglect friction. 

23. Acapacitor is charged by a battery which is then disconnected. A dielectric slab is 
then inserted between the plates. Describe qualitatively what happens to the charge, the capaci- 
tance, the potential difference and the stored energy. 


of a capacitor ? What is specific inductive 


Objective type : 

24. Select the correct answer : 

(a) What is the practical unit of capacitance ? Ans. Microfarad, Farad, Volt 

(b) If Cand V bethe capacitance and potential difference of a capacitor, what is its potential 
energy ? Ans. 3C.V ; 1C VÀ. Hy eo us 

(c) What happens to the potential of a capacitor when one of its plates is charged and 
the other earthed ? Ans. Potential increases ; Potential decreases ; Potential becomes zero. 

(d) Two condensers of capacities 2nF and 4pF are joined in parallel. What is the total 
capacity ? Ans. 6pF ; 4 pF ; 8hF. 

(e) You are given a parallel plate air capacitor of capacity 4JLF. The distance between 


the plates is doubled. What is the new capacity ? Ans. 8pF. ; 2pF. ; 4pF. 
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(f) Will the equivalent capacitance increase or decrease when several capacitors are joined 
in parallel ? Ans. Increases ; Decreases ; Remains unchanged. 

(g) If the distance between the plates of a parallel plate air capacitor is increased, what 
happens to its capacitance 7 Ans. Increases ; Decreases ; Remains unchanged. 

(h) A parallel plate capacitor is joined to a battery. The charge in the capacitor is Qo, its 
potential and energy are V, and Uo respectively. Keeping the battery connected, if a slab of 
some insulating material is inserted in the space between the plates of the capacitor, which ct 
the following conditions will be applicable ? Q>2 ; Vo<V; UU. 


Numarical problems : 

25. A conductor of capacitance 4 units is charged with 100 units of +-ve charge and is 
connected to another conductor of capacitance 2 units charged with 20 units of—ve charge. 
Calculate the change of potentials and the charge of each conductor. 

[Ans. 1st conductor ->+25 to-- 13:3 units ; +53°3 units 

second ,, —>—10to+133 ,, +267 ,, 

26. Two conductors of capacitances 20 and 30 units are connected by a thin wire and are, 
then, given 100 units of charge. Find their potentials and charge. 

[Ans. Potential=2 units ; q,—40 units ; qa=60 units] 
27. A capacitor of 10ppF capacitance is charged to 50 volts of potential difference. Then 
the charging battery is disconnected and the capacitor is connected to another capacitor. As 
a result, the potential difference is reduced to 35 volts. What is the capacitance of the second 
capacitor ? [Ans. 43 uif] 
28. Two tin-plates, each having size 20 cm x 25 cm are pasted on two sides of a mica- 
sheet, 0.1 mm thick. Find the capacitances, in microfarad, of the capacitor so formed. Di-electric 
constant of mica—5 [Ans. 0:02211F] 
29. Three capacitors of 4, 6 and 12uF capacitance are put in series and the combination 
is connected to a 500 volt battery. Find (i) the equivalent capacitance (ii) charge in each capacitor 
(iii) voltage across each capacitor. [Ans. (i) 24F (ii) 0-001 coulomb (iii) 250v. 167v. and 83v.] 
30. Two circular plates, each of radius 8 cm, form a parallel plate capacitor with a gap 
of 1 mm between them. If the capacitor is charged to 100 volt potential difference, find the 
amount of charge stored in the plates of the capacitor. [Ans. 1:8x 1078 coulomb (nearly) 

31. A capacitor consists of 200 circular sheets of tinfoils separated by mica of S.LC., 
6 and thicknéss 0:5 mm., alternate plates being connected together. If the capacitance of the 
capacitor be 0*4 microfarad, find the radius of the tinfoils. [Ans. 7:7 cm.] 
32. The capacitance of a parallel-plate capacitor is 100Hpf and the area of its plates is 
100 cm?. If the capacitor has a p.d. of 50 volt, calculate the surface density of charge in the 
capacitor plate. [Ans. 0-05x10-? coulomb/cm?] 

33. The capacitances of two capacitors are 4 and 9 e.s.u. respectively. They are charged 
to potentials of 1 and à e.s.u. respectively. If they are now connected in parallel, what will be 
their charges ? [Ans. q,—33s ; a= 644 e.s.u.] 

34. Two spheres of radii 2 and 4 cm. respectively are each charged with 24 units of 
electricity. If they are now connected by a fine wire, find the charge on each sphere. 

[Ans. 16 units ; 32units] 

35, Show that when two equal capacitors are connected in parallel, the system has four 
times the capacitance of that obtained when the capacitors are joined in series. 

36. Calculate the capacitance of a spherical capacitor in microfarad, if the diameter of 
the outer sphere is 30 cm. and that of the inner sphere is 20 cm. the space between them being 
filled with a liquid of S.I.C.—2. [Ans. 6:6x 10-5HF] 

37. Two capacitors of capacitances 5 and 10 units are charged to potentials 16 and 10 
units respectively. Find their common potential when they are connected in (i) parallel and 
(ii) series. [Ans. (i) 12 units (ii) 54 units.] 
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38. Two metal plates, each having area 500 sq. cm. are separated by a distance 0075 cm. 

If the intervening space be filled up by mica of dielectric constant 6-28 and the surface-density 
of the charged plate be 0*1 coulomb/sq cm., find the potential energy of the capacitor. 

[Ans. 3:37x 10" Joule] 


39. The plates of a parallel-plate capacitor are 2 cm. apart. A dielectric medium of 
thickness 1 cm, and dielectric constant 5 is introduced between the plates. The distance between 
the plates is then so adjusted that the capacitance remained unaltered. Find the present 
distance between the plates. [Ans. 2:8cm] 


40. Two circular plates A and B of a parallel plate capacitor have each an effective dia- 
meter of 10 cm and are 2 mm. apart. Two other plates C and D of a similar capacitor have 
each an effective diameter 12 cm and are 3 mm apait. A is earthed. B and C are connected 
together and D is connected tc the positive pole of a 120 volt battery whose negative pcle is 
earthed. Calculate (i) the combined capacity (ii) the energy stored in it (iii) the energy stored 
in each capacitor. [Ans. (i) L[7x 10 (ii) 1:22x 1077 (iii) CD->6:2 X 10757 ; 4B-6x107*J] 


Harder Problems 


4i. A slab of dielectric is introduced between the plates of a parallel plate capacitor. 
Show that the capacitance per unit area of the capacitor will be doubled if the dielectric constant 


K= <— d where x=thickness of air layer before the introduction of the slab and d=the 
thickness of the slab. 
42. Calculate the total capacitance between A and B of the arrangement shown in fig 3.18 
C.=10pf and C,— C= C=C, =4pf [Ans. 4f] 
43. The plates of a parallel plate air capacitor C 


consisting of two circular plates, each of 10 cm. z 

radius, placed 2mm. apart, are connected to the 

terminals of an electrostatic voltmeter. The system è B 
3 | 


is charged to give a reading of 100 in the voltmeter 


scale. The space between the plates is then filled C 
with an oil of dielectric constant 4:7 and the volt- P 
meter reading falls to 25. Calculate the capacitance Fig. 3.18 
of the voltmeter. [Ans. 3:3x 10“F (nearly)] 


44. A capacitor C; is charged to a p.d. of Vo. The charging battery is then 1emoved and 
the capacitor is connected to an uncharged capacitor C+. Find the final p.d. across the combi- 
nation. Also calculate the energy stored before and after the second capacitor is joined. 


VyCs C, 
[Ans 5. — ; E=; E= —— 
Gros peu ien 
45, For making a capecitor, you are given two plates of copper, a sheet of mica (thickness 
='l mm ; K=6), a sheet of glass (thickness—2 mm ; K=7) and a slab of paraffin (thickness 
=1cm ; K=2). To obtain the largest capacitance, whici sheet (or sheets) should you place 


between the copper plates ? [Ans. Mica] 
[Hints : C e, wheie d— thickness] 


46. Three capacitors of 1, 2 and 3p1f capacitances are connected in series and a.p.d. of 
110 volt is applied at the end of the combination. Find the terminal p.d. and the charge in each 
capacitor. [Ans. V,—600V ; V,—300V ; V,—200V ; Q—6x 10-* coulomb} 
47. Calculate the energy stored in a capacitor of 4uF capacitance charged to 1000 volts, 
If another uncharged capacitor of 2F capacitance be connected in parallel with the first, what 
will be the potential of the combination ? [Ans. 0-002 joule; 666:6V] 


48. Two drops of water, radii 1 mm and 2 mm. respectively are charged with 15000 and 
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and 7500 volts respectively. If the drops coalesce, what will be the change of energy in ergs ? 
1 volte ,3, €.5-U- [Ans. 52:5 ergs (nearly)] 
49. Three condensers of capacities 1,3 and 4 units are connected respectively in (i) series 
and (ii) parallel. Compare the equivalent capacities in the two cases. [Ans. 4/39] 
50. The ratio of the radii of two insulated metal spheres is 4:1. They are given equal 
amounts of charge and are then connected by a thin wire. Assuming that the wire takes no 
charge, find the ratio of surface density of charge of the spheres when the connection is cut off. 
[Ans. 1:4] 
51. The ratio of the capacities of three condensers is 1 :2:3. The equivalent capacity 
of the condensers when connected in parallel is greater than that when the condensers are connec- 
ted in series by 5y4ptF. Find the capacities of the condensers. [Ans. 1, 2 and 3f) 
52, Find the potential differences between Aand Band Band C of the arrangement shown 
B in fig. 3.19 [Ans. 7°69 V; 92:3 V] 
53. A leyden jar has a diameter of 14 cm and the 
ouf id height of the tin foils is 20 cm. Thickness of glass- 0-4 cm. 
Find the capacity of the jar if K for glass is 6:5. 
[Ans, 1336:56 e.s.u] 
Luf 54. Twenty seven identical drops of mercury are 
10.0 charged simultaneously to the same potential of 10 
volts. What will be the potential if all the charged drops 


A iji coalesce to form one single drop ? [Ans. 90 volts] 
204. 100V 55. How would you combine four capacitors, each 
Fi having capacitance of pf, so as to produce a capaci- 

ig. 3.19 tance of 0:75 pf- 


[Ans, First three in parallel and the fourth in series with them] 


56. Fig. 3.20 shows two indentical parallel plate capacitors connected to a battery with 
the switch S closed. The switch is now opened and the S-r- 
free space between the plates of the capacitors is filled 
with a dielectric of relative permittivity 3. Find the ratio 
of the total electrostatic energy stored in both the capacitors 


before and after the introduction of the dielectric. v= f 

. WLT. 1983] (Ans. 3:5] | a i 
[Hints: Before ^ introduction, total energy 

=4CV?+4CV*=CV?; After introduction, the energy Fig. 3.20 


ot A-4QV'-ix3CV* and that of ET T) - S. 


.. Total energy cr T= 4 cy? | 


57. Two parallel plate capacitors aie so arranged in series that the second plate of the 
first capacitor is rigidly fixed to the first plate of the second and this portion of the combination 
is movable. Show that for all positions of the movable part, the equivalent capacity remains 
constant. 

58. A condenser consists of 11 rectangular pieces of tin foils each measuring 15cm x 20cm 
all joined together with 10 similar pieces of tin foil joined together and alternating with the 
first set. If the tin foils are separated by sheets of mica of thickness 0:2 mm, whose specific 
inductive capacity is 6:28, what is the capacity of the condenser ? [Ans. 15x 10* e.s.v.) 


——— 


4.1. Introduction : 


A machine which can produce, in a very short time, sufficient amount 
of positive or negative electricity, is called an electric machine. To be exact, 
these machines do not produce any new electric charge, they simply separate the 
positive charges from the negative ones. Electric machines are generally of 
two kinds: (i) Frictional machine and (ji) Induction machine. Frictional 
machines are almost obsolete now. Of the induction machines, however, 
(i) Electrophorus and (ii) Van-de-Graff generator are very important. : 


ELECTRIC MACHINES 


4.2. The Electrophorus : 

The different parts of the machine are as follows (Fig. 4.1). 

(d) Collector or cover A: It is a metallic 
disc provided with an insulating glass handle H. 
It is called collector because it collects charge, 

(b) Cake B: Itis a plate made of insulating 
material like ebonite, resin etc. Its size is slightly 
greater than that of the collector, The upper 
surface of the cake is rough. When placed on the 
cake, the collector touches the surface of the cake 
only at few points. 

(c) SoleC: It is a shallow metallic dish 
upon which the cake is placed. Fig. 4.1 

Action : In order to use the instrument, it is first well dried. It is better to 
warm it alittle in sun shine. Having placed the ebonite cake B on the sole, the upper 
surface of the cake is rubbed with fur or flannel so as to charge the surface with 
negative electricity. The collector A is now placed on the cake. The collector 
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Fig. 4.2 Gi) 
is charged with negative electricity by conduction at the points of contact. This 
charge is insignificantly small in comparison with the charge produced by induction 
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because the two plates are separated from each other by a thin layer of air. The 
collector is thus charged at its lower face with-+-ve electricity and at its upper face 
—ye electricity by induction. [Fig. 4.2()]. 

The collector is then momentarily touched with finger when the free negative 
charge on the upper surface of the collector escapes to the earth [Fig. 4.2(ii)]. 
The collector with the positive charge is then 
removed by the insulating glass handle. The 
positive charge gradually spreads over the entire 
surface of the collector as it is taken further 
away (Fig. 4.3). This charge may be used for 
any other purpose. Clearly, more the volume 
of the cake, more is the charge taken away by 
the collector each time. 

Fig. 4.3 After using the charge when the collector 
becomes discharged, it may be charged again by repeating the above process. 
In this way, by charging the cake once, the collector may be charged over and 
over again. 

Function of the sole : In the action of the electrophorus, described above, 
no mention has been made about the sole C. Question may, therefore, arise as 
to what is the significance of the metallic sole ? The answer is as follows : 

The negative charge on the free surface of the cake induces a positive charge 
on the upper surface of the sole which reduces the tendency of the negative charge 
on the cake to leak away. For this reason, the collector may be charged several 
times by charging the cake once. 

Change of potential of the collector at different stages of operation : The 
potential of the collector 4 changes sign several times at different stages of opera- 
tion. These changes are as follows : 

(i) When the collector is placed on the negatively charged cake, the collector 
enters a field of negative potential and hence acquires a negative potential. 

(ii) When the collector is touched with fingers, it is earthed and then its 
potential becomes zero. 

(ii) When the collector is removed, it gradually acquires positive potential 
and when it is far away, its own positive charge endows it with positive potential. 

Source of energy of the charge available from an electrophorus : From the 
action of an electrophorus it is clear that by charging the cake once, we may get 
several instalments of charge from the collector. This seems to be contrary to 
the principle of conservation of energy according to which greater amount of 
energy cannot be obtained by doing smaller amount of work. What is therefore, 
the source of this electrical energy ? 

To solve this problem, we are to remember that mechanical work is done 
in pulling the collector against the force of attraction between the opposite charges 

existing on the collector and the cake. This mechanical energy is converted into 
electrical energy which finally appears in the collector. So repeated collection 
of charge by the collector does not go against the principle of conservation of 
energy. 
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43. Van-de-Graff generator : 

This instrument, first devised by Robert Van-de-Graff of Princeton 
University U.S.A. in 1931, is capable of producing a small current at a very high 
voltage. 

Deseription : Fig. 4.4 shows a schematic diagram of the instrument. Two 
hollow metallic spheres each of diameter of about 50 cm. are placed on 
two tall columns (X, X), made of some insulating meterial like glass. The spheres 
serve the purpose of positive and negative terminals of a D.C. generator. In 
each column, there is a pair of pulleys (P,, P2)—the pulley P, being connected to 
an electric motor and the pulley P, remaining inside the hollow sphere. They 
are coupled to each other by a flat belting made of an insulating material like silk. 
The beltings can rotate in the direction of the arrow. The belting enters the hollow 
sphere through the aperture S, and emerges from another aperture S}. 


Action : The working of this machine depends on the charging action and 
the collecting action of points and the collecting action of hollow conductors. 
Let us consider the action of right hand belting first. The small sphere opposite 
to the point D near the belting acquires a small +- ve charge from the D.C. generator. 
On account of induction, the point D gets—ve charge and the free +-ve charge 
escapes to the earth. Due to the action of point, the negative charge on the 
pointed end D leaks to the belt which carries pitt. 
the charge into the hollow sphere above. When £ 
the charge comes near the point G, it induces ü 
--ve charge on the pointed end G and —ve A 
charge on the sphere. The opposite charges on 
G and the belt very soon neutralise each other, 
leaving the sphere negatively charged. In the 
same time the pointed end C on the left column, 
receives +-ve charge from its nearest small sphere 
and discharges the charge to the belt. The 
belt, in its turn, deposits the charge to the hollow 
sphere above. 

The action of the two belting being 
reciprocal, the opposite charges on the two 
spheres increase at an enormous rate as the 
beltings rotate, till the final potential is reached. As the potential difference ' 
between the terminals increases, there is likelihood of discharge in air, because 
air, under normal pressure, cannot bear too much electrical straining. To prevent 
such discharge, the spheres and the belt are made as smooth as posible and the 
whole instrument is enclosed in a big metallic vessel where the air is kept at a 
very high pressure. 

It is needless to mention that since invention, the instrument has undergone 
a number of modifications. Now-a-days, we see giant Van-de-Graff generators 
in operation in the Carnegie Institute of Washington and in the Wisconsin Univer- 
sity, U.S.A. The machine can generate a p.d. of nearly 5 million volts, 
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Exercises 


Essay type : 
1. Describe and explain the action of an electrophorous. 


2. Explain how an electrophorous produces almost any amount of charge, when once 
excited. 

3. Describe and explain the mode of operation of a Van-de-Graff generator. 

[H. S. Exam. 1979] 

Short answer type : 

4. What is the use of an electrophorous 2 What is the function of its sole ? 

5. What are the changes of potential of the collector of an electrophorous at differcnt 
stages of its working ? 

6. ‘Electrophorous does not violet the laws of conservation of energy" — Explain. 

7. Why are the sphere and the belt of a Van-de-Graff generator made smooth ? 


8. Why is the metallic vessel in which the generator is enclosed earth-connected ? 


CURRENT ELECTRICTTY 
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Introduction : 

The age we are passing through, may very well be called the age of 
electricity because at every step of our life in this age we take the help of 
electric power. It is the electricity that lights up our houses, factories, offices, 
etc, and operates the communication media like telegraph, telephone, radio etc. 
Theatres, cinema, television and other amusement sources owe their existence 
to electric power. Transports like electric train, tram etc. are driven by elec- 
tricity. Various machines in factories and workshops are dependent on electric 
power. Electricity has made our life easy and comfortable and is thus very inti- 


mately associated with our life. 


1.1. Electric current : 

In connection with electric potential in electrostatics, it has been said 
that when two charged bodies are connected by a wire, charge flows from 
the body of higher potential to the body of lower potential until the bodies 
acquire a common potential. Also when an uncharged body is brought in 
contact with a charged body, a flow of charge takes place from the charged 
body to the uncharged body in very much the same way as the flow of water 
takes place from a vessel full of water to an empty vessel (kept in the same level). 

So, it should be remembered that as level difference produces a hydrostatic 
pressure causing a flow of water from higher to lower level, similarly a potential 
difference produces an electric pressure causing a flow of electricity from higher 
to lower potential. 

This flow of electricity from one point to another. is called electric current. 
If this flow takes place in a particular direction, the current is called direct current, 
abbreviated as D.C. On the other hand, if the flow changes its direction alternately 
right and left after a specified interval of time, the current is called alternating 
current, abbreviated as A.C. 

In general, two charged bodies, when connected by a wire, produce a transient 
flow of charge because their potentials are equalised in a moment. In order to 
make the flow of charge steady, the potential difference between the charged bodies 


should be maintained constant. 

1.2. Conventional direction of current `: 

An electric current has already been described as electric charge in motion. 
But charge may be of two kinds—positive and negative. So the question is which of 
the two charges flowing from one point to another constitutes an electric current ? 

The conventional rule, in this regard, is that a current is produced when 
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positive charges flow through a con- CONVENTIONAL DIRECTION OF CURRENT . 
ductor. Suppose A and B are two A =M E 
points, the potential of 4 being higher aee ULC Tae x 

` .. STREAMS OF ELECTRONS 


than that of B. If the points are, now 


joined by a conducting wire positive Fig. 1.1 
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charge will flow from A to B (Fig. 1.1). This is the conyentional direction of 
current. This convention has been followed in this book. 

According to the modern electronic theory, however, the direction of current 
is indicated in a different way. Ina conductor, there are copious free electrons. 
When a P.D. is created at the ends of a conductor, these negatively charged electrons 
move from the end of lower potential to the end of higher potential. So according 
to electron theory, an electric current is a flow of negative electrons in a direction 
opposite to the conyentional direction. 


1.3. History of the discovery of the electric cells : 


Electric cells were first devised by Alessandro Volta, an Italian scientist. 
But before that, a casual discovery by Galvani of the existence of electricity in 
the convulsive movement of the muscles of a frog is actually responsible for 
the discovery of the cells. 

In 1786, Luigi Galvani, a Professor of Anatomy at Bologna University in 
Italy was experimenting with freshly cut frogs. One day, the body of a freshly 
cut frog, soaked in saline water, was hanging from a copper hook. Galvani 
suddenly noticed that each time the leg of the frog swung by air, touched the iron 
railing of the corridor, the leg was thrown into muscular convulsions. It had 
been known from a long time that muscles of dead animals could be caused to 
contract by means of electric shock. From this observation, Galvani came to 
the conclusion that electricity was inherent in the frog. 

Professor Alessandro Volta, however, could not accept the explanation 
offered by Galvani. He was convinced that the contact between the two dissimilar 
metals involved in the incident was responsible for the generation of electricity 
and not the body of the frog itself. The frog’s body was a conductor of electricity 
and a current was produced as soon as the metals came in contact through the 
conducting body of the frog. 


He then tried to establish his theory by preparing the famous pile, known 
as Voltaic pile in 1800. The pile consists of pairs of copper and zinc discs separated 
by pieces of cotton soaked in dilute sulphuric acid. 
On connecting the first copper disc and the last 
zinc disc by a wire, a current is produced (Fig. 1.2). 

According to Volta, a potential difference 
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Fig. 1.2 


and hence a current will be produced if two 
dissimilar metals are brought in contact. But in 
respect of the above experiment of Volta’s pile, 
his theory was found to be inconsistent because on 
examination of the pile it was observed that some 
chemical action took place between zinc and sulphuric 
acid. From these observations, Davy, De la Rive, 
Fabroni and others came to the final conclusion that 


the root cause of the electric current in the pile was the chemical action. In this 
way, through various incidents, the scientists realised the basic principle of electric 
cells. 
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1.4. Simple Voltaic cells : 


The arrangement which converts chemical energy into electrical energy 
in the form of continuous flow of electric current is called an electric cell. A 
simple cell is called a voltaic cell because Volta first constructed it. 


Description : Fig. 1.3 shows a schematic diagram of a simple voltaic cell. 
It consists of a zinc plate (Zn) and a copper plate (Cu) dipped in the dilute sulphuric 
acid kept in a glass vessel. Two binding screws 
are provided with the plates. When a wire 
is connected between the screws, chemical 
action between zinc and sulphuric acid 
starts and bubbles of hydrogen are found 
to rise along the copper plate. An electric 
current also flows along the wire from the 
copper plate to the zinc plate. 

The current stops if the wire is taken 
out of the screw terminals but the potential 
difference between the zinc and the copper 
plates exists. The copper plate is said to 
have higher or positive potential and the Fig. 1.3 
zinc plate lower or negative potential. They are also known as positive and 
negative poles respectively. When a wire connects the terminals of the plates, 
a current flows to the zinc plate from the copper plate along the wire which tends 
to reduce the potential difference between the plates. But more chemical action 
takes place between zinc and sulphuric acid which maintains the potential difference 
and hence a continuous current. 

Action of the simple voltaic cell : To follow the action of a simple voltaic 
cell, some idea of ions and ionic dissociation is necessary. 

We know that atoms of a substance are made up of a number of fundamental 
particles of which electrons are very significant. Ordinarily atoms and molecules 
are neutral in character but if one or more electrons be driven out somehow, 
from an atom or a molecule, they become electrically charged. Electrons them- 
selves being negatively charged particles, a deficit of electrons in an atom endows 
the atom with positive charge while the expelled electrons combining with a neutral 
atom make it negatively charged. “Such electrically charged atoms or molecules 
are called ions and the process is known as ionisation. Ions are represented by 
putting-l-or—sign on the chemical symbol of an atom. When an ion has a deficit 
or surplus of a number of electrons, equal number of (+) or (—) signs, as the 
case may be, is put on the chemical symbol of the atom. Thus, if a single electron 
is detached from helium atom, the ion is represented by He*. 

It has been found that when a solution is made of a compound in a solvent, 
the molecules of the compound are dissociated into ions which remain in the 
solution. For example, when common salt (NaCI) is dissolved in water, each 
molecule of NaCl dissociates into a positively charged (Na+) ion and a negatively 
charged (Cl-) ion. These ions move in a random way in the solution. This 
process is called ionisation. 
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Let us now come back to the action of a simple cell. In order to make dilute 
sulphuric acid, when acid is mixed with water, each molecule of the acid due to 
ionic dissociation, is split up into positive H* ion and negative SO,- ion according 
to the following scheme : H,$0,—(H*--H*)--50," ~. 

These ions move in a haphazard way in the solution. 

Now, when the zinc plate is dipped in the acid, Zn* * ions carrying--ve 
charge go into the acid and attract the negatively charged (SO*)-- ions. They 
form neutral ZnSO, molecules according 
to the equation Zn* * +SO,~ —ZnS0,. 
As positive zinc ions leave the zinc plate, 
the plate acquires a surplus of electrons and 
the plate becomes negatively charged (Fig. 
1.4). For this reason, the zinc plate is referred 
to as the ‘fuel’ of the cell. 

The solution near the zinc plate acquires 
a positive charge due to the presence of posi- 
tively charged zinc ions and repels the posi- 
tively charged H* ions present there towards 
the copper plate. H+ ions, on the arrival 

Fig. 1.4 at the copper plate, attract one electron each 
from the plate and form neutral H, molecules which bubble out of the acid as 
hydrogen gas. The copper plate losing electrons, becomes positively charged 
and attracts electrons from the Zn-plate, to make up the deficit. The electrons, 
travelling along the wire from zinc plate to the copper plate give rise to the current. 

Thus, we see that due to chemical action in the cell, the copper plate acquires 
positive charge and hence a positive potential and the zinc plate negative charge 
and hence a negative potential. When the plates are not joined by a wire, the p.d. 
existing between the plates is called the electromotive force (abbreviated as e.m.f.) 
ofthe cell. This electromotive force is responsible for driving the current in a 
circuit. The practical unit used to express e.m.f. is ‘volt’. The e.m.f. of a simple 
voltaic cell is about 1-08 volts. 

It is to be noted that as there is a flow of current in the wire outside the cell, 
there is also a flow of current in the liquid inside the cell. External flow of current 
takes place from the copper to the zinc plate (conventional direction), but the 
internal flow takes place in the opposite direction i.e. from the zinc to the copper 
plate. (Fig. 1.4). : 

Whenever current flows through a conductor, it has to overcome some 
opposition, known as the ‘resistance’ of the conductor. Liquid conductors also 
offer resistance to the flow of current. Such resistance offered by the liquid in 
a cell is called the ‘internal resistance’ of the cell while the resistance offered by 
the external circuit is called the ‘external resistance’. Detailed discussion about 
resistance will be taken up later on. 


Calculation of E.M.F. of a voltaic cell : 


According to Faraday, the energy required for maintaining the current in a voltaic cell is 
derived from the chemical reaction that takes place inside the cell. So, the e.m.f. of a voltaic 
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cell may be found out if the heat equivalent of chemical energy spent in the cell is converted into 
electrical energy. ‘ 

Suppose, H, and H, are the heat, in calories, produced (heat will be absorbed at one electrode 
and evolved at the other) at the electrodes as a result of chemical action when a unit quantity 
of electricity flows through the cell. So, when q units of electricity pass through the cell, the 
amount of heat evolved at one electrode is Hq and that absorbed at the other is H;q. calories. 

The amount of heat available=(H,g—Hg) cal. The corresponding energy liberated 
—J(H;q— H4) joules where J= mechanical equivalent of heat. 

Again, for q units of electricity flowing through the ceil, the amount of energy consumed 
= E.q where E is the e.m. f. of the cell. 

J(Hq— Hsq)— E.q mU 

Now, the amount of heat liberated when one gm-equivalent of zinc goes into solution is 
54,600 calories and the amount of heat absorbed for the evolution of 1 gm-equivalent of hydrogen 
at the copper plate is 29,700 cal. The quantity of electricity that passes through the cell in the 
circumstances stated above is called Faraday and it is equal to 96,500 coulomb (See Chapter V). 

Hence, in this case H,qg=54,600 cal ; H.q=29,700 cal. ; q=96,500 coulomb and J-4-18 
joule, So, 4:18(54,600 — 29,700) -- Ex 96,500 [From eqn, (i)] 

or, 4:18: 24,900= E x 96,500 
or E CU a 1-08 volts (nearly) 
Tais is the e.m.f. of a voltaic cell. 


1.5. Defects of simple voltaic cell : 


The simple cell described above has two principal defects viz, (i) Local 
action and (ii) Polarisation. For these defects, the current given by a simple cell 
gradually diminishes and finally stops altogether. 

(i) Local action: Ordinarily, zinc plate available in market is not 
pure. It contains several impurities like iron, carbon, lead, arsenic etc. When 
such a zinc plate is dipped in sulphuric acid, the impurities together with the acid 
set up tiny local cells at the zinc surface. The small currents produced by these 
local cells do not join the mainstream and serve no useful purpose. Whether 
the plates of the cell are joined by a wire or not, these local cells always produce 
currents which waste the zinc plate and heat up the cell. The cell, consequently 
is damaged very soon. 

Means of removal : To prevent local action, pure zinc plate may be used 
instead of the plates usually available in markets. But there are two difficulties 
in using pure zinc. First, there is hardly any chemical action between pure zinc 
and sulphuric acid. Second, pure zinc is very costly. For these reasons, commer- 
cial zinc plates are used in the construction of simple cells. 

Fortunately, local action can be prevented easily by giving the commercial 
zinc plate a coating of mercury. Zinc dissolves in mercury and a bright coating 
of zinc amalgam is formed all over the surface of the plate. The amalgam covers 
up the impurities and prevents them from coming in contact with the acid ; only 
zinc comes in contact with the acid. The cell, therefore, operates without any 
local action. The impurities, in course of time, get loose and drop on the bottom 
of the vessel as the zinc plate is consumed due to chemical action with the acid. 


(ii) Polarisation ; If the plates of a simple voltaic cell are joined by a wire 
the current given by it, is found to weaken gradually and at last, the cell stops 
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delivering any current. This gradual weakening of the current is due to polarisa- 
tion. 


Experiment : Connect a calling bell to the terminals of a simple cell. The 
bell rings with usual sound at first ; but after sometime, the sound begins to fall 
and finally the bell stops ringing. If the copper plate of the cell be now taken 
out and brushed vigorously by a small paint brush, and replaced, the bell will 
again ring with usval sound. This is due to the polarisation of the cell. 


Explanation : In describing the action of a simple cell, it has been said earlier 
that positively charged H+ ions move towards the copper plate and attracting 
electrons from the plate, form neutral H, gas which bubbles out of the cell. But 
the rate of arrival of ions is greater than the rate at which hydrogen gas escapes 
from the cell. Asa result, some of the neutral H molecules stick to the plate. 
After some time, a layer of hydrogen gas covers up the entire surface of the 
plate. When this happens, the newly arrived H+ ions cannot reach the copper 
plate and the current delivered by the cell begins to fall. After some time the 
H* ions form a layer on the neutral gas and repel the fresh H* ions which 
happen to come near by. These H* ions then start moving toward the zinc plate 
and an electromotive force starts acting in the opposite direction. This e.m.f. is 
known as back electromotive force. At this time, the cell is said to be completely 
polarised and it fails to supply any more current in the external circuit. 


Means of removal : (i) Mechanical means : Polarisation can be removed 
by occasionally taking the copper plate out and cleaning the bubbles of hydrogen 
gas by a paint brush. If such a clean copper plate is replaced in the cell, current 
in its full strength will be available. This is known as mechanical means. 
Polarisation can also be removed to some extent by using a copper plate having 
rough surface because bubbles cannot conveniently gather on rough surface. 
But these mechanical means are not very effective. 


(ii) Chemical means : In this method, an oxidising agent like MnO, or 
HNO, is used in the cell which oxidises hydrogen into water by secondary chemical 
reaction. Consequently, hydrogen gas cannot accumulate on the copper plate 
and polarisation cannot occur. This oxidising agent is known as depolariser. 


In Leclanche’s cell, MnO, (manganese dioxide) is used as a depolariser (See 
Leclanche’s cell, page 315). 


(iii) Electro-chemical means : In this method, two liquids are used in 
the cell, such that hydrogen molecules, produced by the first liquid (which is the 
electrolyte of the cell) react with the second liquid and produce molecules of the 
element of which the positive plate is made. As there is no free hydrogen mole- 
cule, there is no polarisation too. In Daniel cell, for example, solution of copper 
sulphate (CuSO,) in water is used as a depolariser (See Daniel cell, page 317). 


1.6. Types of primary cells : 


A cell, in which electric current is produced by the chemical reaction bet- 
ween several chemical substances, is called a primary cell. Primary cells contain 
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three principal elements viz, (i) positive and negative poles or electrodes (ii) 
active liquid and (iii) a depolariser. Different types of primary cells are divided 
broadly into two classes viz. (i) Single fluid and (ii) Double or two fluid. 


1.7. Different single fluid cells : 

(i) Leclanche’s cell : This cell was invented by Georges Leclanche in 
about 1865. Fig. 1.5 shows a schematic diagram of the cell. In a glass vessel 
is kept a solution of ammonium chloride (NH,C!) in water in which is partially 
dipped an amalgamated zinc rod. There is a porous pot at the middle of the 
glass vessel dipped in ammonium chloride. The pot is filled up by a mixture of 


Manganese 
Dioxide 
Mixture 


powdered carbon and manganese dioxide in which is inserted a gas carbon rod. 
There is a small opening at the top of the porous pot through which gas escapes. 
Its negative pole or electrode is the zinc rod and positive pole or electrode is the 
carbon rod. Ammonium chloride solution is the active electrolyte and manganese 


dioxide is the depolariser. The e.m.f. of the cell is about 1:5 volts. 

As the solution of ammonium chloride evaporates, it tends to form small 
crystals which 'creep' up the sides of the vessel. To prevent such creeping, the 
upper part of the vessel is painted with a special back wax paint. The crystals 
do not adhere to that paint. 


Action : Due to chemical action between Zn and NH,Cl, positively charged 
H+ ions are liberated and the zinc rod itself becomes negatively charged : 
Zn** 4.2NH,CI=ZnCl,+-2NH3+(H* +H*)* 


[*Zn->Zn**+2e 
2NH,CI22NH;-2H *--2CI^ 
Zn**--2CI-—ZnCls 


hace 
Zn 2NH,CI- ZnCl,- 2NH, 12H * 2e] 
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The free ammonia gas (NH;) dissolves in water. When the solution becomes 
saturated, the gas instead of going into solution, escapes through the opening of 
the porous pot. The H* ions, in their bid to proceed towards the carbon rod 
enter into the porous pot through the pores and hand over the charge to the carbon 
rod and are finally converted into neutral hydrogen molecules. Manganese 
dioxide present in the porous pot, then reacts with the hydrogen molecules and 
oxidises them into water molecules : 
H,+2Mn0,=Mn,0,+H,0. 


So, hydrogen gas cannot accumulate on the carbon rod and hence cannot 


produce polarisation in the cell. 

The main disadvantage of this cell is that the chemical action between MnO, 
and H, is so slow that hydrogen gas molecules are not oxidised as soon as they 
are formed. So when a continuous current is taken from the cell, some polarisation 
takes place and the current falls. If the cell is allowed to rest for a while, MnO, 
oxidises the accumulated hydrogen and the original e.m.f. and current are restored. 
Forthis reason, a Leclanche's cell is used where an intermittent current is required 
such as electric bell, telegraph, telephone etc. 7t is never used where a continuous 
current over a long period is needed. 

The main advantage of this cell is that it is absolutely free from local action. 
The cell will not be damaged even if its 
positive and negative poles are left without 
any connection. It practically needs no 
attention except occasional addition of 
water and powdered ammonium chloride. 


(ii) Dry cell: The dry cell is a 


‘Hole 


Paper ; 
form of Leclanche cell in which the liquid 
Zinc is replaced by a paste. For this reason 
it is called a dry cell although it is not 
Carbon rod perfectly dry. These cells are widely 
: Paste used in torch lights, radio sets and tran- 
i lied ga sistor sets, for sending current. Fig. 1.6 
Ni carbon and shows the sketch of a dry cell. 
A dioxide In this cell, a zinc cylinder is used 


as a container as well as the negative pole 
of the cell. A carbon rod is placed in the 
vessel, which forms the positive pole of the cell. It is surrounded by a mixture 
of manganese dioxide and powdered carbon. This mixture is placed in a calico 
bag and the intervening space between the calico bag and the zinc cylinder is 
packed with a paste made of NH,CI solution, coke and a little water. Due to 
chemical action between NH,C/ and Zn, positive hydrogen ions are liberated which 
travel towards the carbon rod through the pores of the calico bag. The upper 
part of the cell is closed by sand, pitch etc, leaving a small hole in the pitch for 
the outlet of the gas. The whole thing, after being wrapped up in paper, is sent 
to the market. 


Fig. 1.6 
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1.8. Two fluid cell : Daniel cell : 


John Daniel, a Professor of chemistry of King's College, London invented 
this cell in 1836. It consists of a copper vessel in which a solution of CuSO, 
(copper sulphate) in water is kept (Fig. 1.7). 
The vessel itself acts as the positive pole 
of the cell. A few pieces of copper sulphate 
crystals are kept in two perforated shelves on 
the upper part of the vessel to keep the 
solution in a saturated condition. A porous 
earthenware pot containing dilute sulphuric 
acid and an amalgamated zinc rod is placed 
inside the copper can. The zinc rod acts 
as the negative pole of the cell. Sulphuric 
acid is the active electrolyte and CuSO, 
solution is the depolariser of the cell. 
Its e.m.f. is 1.1 volt which remains fairly 
constant for a long while. So this cell Fig. 1.7 
is useful when a very constant but feeble current is required for a great length of 
time. 

Action : Zn being acted on by H,SO, liberates positively charged hydrogen 
ions according to the equation : 

Zn** -H4S0,—ZnSO,--(H* -- H*) 

These positively charged hydrogen ions come out through the pores of 
the earthenware pot and travel towards the walls of the copper vessel. But before 
reaching the wall, they react with CuSO, and produce positively charged Cut+ 
ions according to the equation : 

(Cu)* *(SO4)----(H* 4- H*) —Cu** 4-H480,. 

The copper ions hand over charge to the copper vessel and are deposited 
on the wall. Hence, the copper vessel becomes the positive pole of the cell. 

Polarisation does not occur in this cell for the simple reason that copper 
and not hydrogen is deposited on the positive pole. The cell can, therefore, 
maintain a steady e.m.f. for long and can furnish a steady current. As the action 
of the cell goes on, the copper sulphate solution tends to become weaker but the 
crystals of CuSO, kept in the shelves keep the solution saturated. 

Only disadvantage of this cell is that if the cell be allowed to stand idle copper 
sulphate molecules diffuse through the porous pot and damage the zinc rod. For 
this reason, the parts of the cell are kept dismantled when the cell is not in use. 


Calculation of E.M.F. : 
When 1 gm-equivalent of zinc goes into solution 5:461 x 10* calories of hear are liberated 
and when 1 gm-equivalent of copper is deposited, the amount of heat absorbed is 2:892 x 104 


calories. 
Here, H,q— 5:461 x 10* cal ; H,q—2:892x 10* cal ; q=96,500 columb and J=4:18 joules. 
S JT Hag) — Eq 
or 4'18(5:461 x 101!—2:892 x 105) — E x 96500 
. 418x2:569x 10% 
OES B30 


SOLUTION 
COPPER 
VESSEL 


=1:12 volts (nearly) 
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1.9. Accumulator or Storage cell or Secondary cell : 

In primary cells like Leclanche's cell, dry cell etc, current is produced by the 
chemical action between its various components. When the chemicals are ex- 
hausted, they cannot furnish any more current. The cell has got to be prepared 
afresh. For this reason, these cells are known as primary cells. 

There is another class of cells called secondary cells, which can be given a 
fresh lease of life after they have run down, by passing a current through them 
from an external source. This is known as ‘charging’ of the cell. The secondary 
cells are usually charged from the mains supply. As a result of charging, the cell 
regains chemical potential energy and at the expense of this energy, it again delivers 
current like a primary cell. For this reason, the cell is sometimes called a storage 
cell or an accumulator. Storage cells are widely used in ships, trains and cars 
for various purposes, in petrol engines as well as in laboratories. 

Description : The cell was 
devised by Plante’ in 1859. It con- 
sists of a thick glass vessel in which 
dil. HSO, is taken. Several lead 
plates are held parallel to each other 
in the acid and the plates are alter- 
nately connected to the positive and 
negative electrodes of the cell [Fig. 
1.8(a)]. In modern form of accumu- 
lator, instead of lead plates, lead 
grids as shown in the fig. 1.8(b) 
are used. In the spaces of the grids, 

(a) Fig. 1.8 (b) a mixture of litharge(PbO) and H,SO, 
in the form of a paste is used for the cathode plate and a paste of red lead and 
H,SO, is used for the anode plate. The e.m.f. of the cell is 2-1 volts. 


Principle of action: The action of the cell consists of two processes : 
(i) discharge of cell i.e. when the cell delivers current 
in the external circuit and (ii) charging of the 
cell i.e. when the cell is fully discharged, it is revitalised 
by passing current through it from some external 
source. 


(i) Discharge of cell : When used to produce 
current, the oxide coated plate A forms the positive 
pole and the metal plate B, the negative pole [Fig. 
1.8(c)]. When the poles are connected by a con- 
ductor, current flows from A to B through the exter- 
nal circuit and from B to A through the acid. 


The following chemical action takes place during Pb02 Pb dilH;SO4 
disc harge. Discharge 
In the acid electrolyte, sulphate ions migrate Fig. 1.8(c) 


to the lead plate and hydrogen ions to the oxide coated plate. On deposi- 
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tion, hydrogen ions reduce lead peroxide to monoxide which forms lead sulphate 
as follows : 1 

PbO,+H,  -- PbO+H,O 

PbO-4-H,SO, > PbSO,--H,O 
The lead sulphate is insoluble in the electrolyte and it forms a coating on the 
plate. 

At the negative plate, (SO;)--ions also form lead sulphate according to : 
Pb--SO, —PbSO,. 

When both the plates are coated with lead sulphate, the accumulator is com- 
pletely discharged and no more electrical energy should be drawn from it. 

During discharge process, sulphuric acid is effectively removed from the 
solution to form lead sulphate with the result that the specific gravity of acid solution 
is reduced. In a freshly charged accumulator, the specific gravity is about 1:25, 
whilst in the fully discharged state it is about 1:18. The specific gravity is, how- 
ever, used as a guide to determine the charged or the discharged state of a cell. 

(i) Charging of cell: When an accumulator is completely discharged, 
it is restored to the original state by passing current through the cell in the opposite 
direction. This is achieved by applying a p.d. by the D.C. mains so that the 
positive plate A becomes the anode and the negative plate the cathode [Fig. 1.8(d)]. 


During charging process, H* ions migrate to s ANTA 
the negative plate B and reduce the lead sulphate iuo "ones 
formed during discharge of the cell to metallic " 
lead : 


PbSO, -- H,=H.SO,+ Pb. 

At the positive plate A, the (SO;)-- ions 
produce lead peroxide (PbO;) and sulphuric acid : 
PbSO, --SO,---2H;0 —PbO;--2H;SO, 

The net result is the formation of a layer of 
lead peroxide on the positive plate A, a layer of 
spongy lead on the negative plate B and an increase 
in the concentration of sulphuric acid. The 
charging process is continued till the specific 


gravity of the acid solution rises to a specific value 
(1:25). Fig. 1.8(d) 


Notes on accumulator : 

When the cell is fully charged and is ready to deliver current, the specific 
gravity of the acid in the cell becomes 1:25. Due to evaporation, the water- 
content of the liquid in the cell diminishes and the specific gravity of the acid rises. 
To prevent such rise of specific gravity, a mark with the words ‘Acid level’ is 
given on the outside surface of the glass vessel. Whenever the level of the acid 
falls below the mark, distilled water is added to the acid in order to bring the level 
back to the specified mark. This keeps the specific gravity of the acid at the 


desired value, 
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As the cell delivers current, the chemical action that takes place inside the 
cell, lowers the specific gravity of the acid and the voltage of the cell also falls slowly 
from its full value 2:1 volts. When the specific gravity falls to about 1°18 and 
the voltage to about 1:8, the cell becomes fully ‘discharged’ and it is not capable 
of delivering any more current. A fresh charging is needed in order to bring the 
cell to its original strength. Itis to be remembered that the state of the cell (whether 
charged or discharged) is best ascertained by testing the specific gravity of the acid 
because the voltage may remain almost unchanged when the cell is being dis- 


charged. 


Capacity of an accumulator : 


It goes without saying that the cell cannot deliver more energy than what 
is stored in it during charging. In other words, the principle of conservation 
of energy is applicable to the storage cell. The capacity of delivering energy 
of an accumulator is expressed in terms of Ampere-hour which is the product of 
the current in ampere that the accumulator can supply and the time in hour during 
which such supply of current is available without discharging the cell. For exam- 
ple, an’accumulator of 60 ampere-hour capacity can supply, when fully charged, 
a current of 1 ampere for 60 hours or a current of 2 amp. for 30 hours. 


The accumulator can supply a steady but strong current for a long time. /ts 
internal resistance is very low of the order of 35 to 155 ohm. It depends on the 
the area and the spacings of the plates of the accumulator. The disadvantage 
of the cell is that it is heavy and requires careful handling and regular attention. 


Efficiency of an accumulator : 

The number of ampere-hours supplied to the accumulator during charging is greater than 
the number of ampere-hours available from it without discharging it too far. The ampcre-hour 
efficiency of the cell is the ratio of these two numbers i.e. 
ampere-hours available during discharge 

» » Supplied during charging 
Its value is ordinarily about 90%. However, ampere-hour effiiency is not a true picture of the 
efficiency of an accumulator. To judge the performance of an accumulator, its energy efficiency 
should be taken into consideration because it takes not only more ampere-hours during charging 
than it gives out on discharge, but takes them in at a higher voltage also. 

Now, energy put in the accumulator during charging=quantity of charge supplied x average 
e.m.f. on charging. Similarly, energy delivered during discharge=quantity of charge given out 
x average e.m.f. on discharge. 

Energy available during discharge 
» supplied during charging - 
. amp-hour x average e.m.f. on discharge 
m Xo» » » Charging 
average e.m.f. on discharge 
» »  » Charging 


The ampere-hour efficiency — 


,. Energy efficiency — 
=amp-hour efficiency x 


r8 
Zxamp-hour efficiency x ar 


The energy efficiency of an accumulator is about 80%. 
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Caution : The two terminals of an accumulator should never be short- 
circuited i. e. directly connected by a connecting wire, This will cause permanent 
damage to the cell. 


1.10. Some important facts in connection with electric cells : 
The following important facts in connection with electric cells should always 
be borne in mind : 

(i) The e.m.f. of a cell does not depend upon the size of the cell; it depends 
upon the materials of the cells. Cells made of same materials but of different 
sizes have same e.m.f. : 

(ii) If the plates of the cell be large and are close to each other, the internal 
. resistance of the cell becomes low and the current given by it is high. 

(iii) The total amount of charge delivered by a cell depends upon the quan- 
tity of material used in the cell. 

(iv) The seat of e.m.f. of a cell is the suiface of contact between the plates 
and the active electrolyte of the cell. 


1.11. Distinction between a primary cell and a secondary cell : 

(i) In a primary cell, a non-reversible chemical reaction takes place tn the 
materials of the cell and thereby an electric current is produced. When the chemi- 
cals of the primary cell are exhausted, they can not be activated to the original con- 
dition by passing a charging current through them. The action of a secondary 
cell is exactly opposite. The cell produces a current as a result of a reversible 
chemical reaction taking place in the materials of the cell. When the materials 
are exhausted, they can be activised by charging. For this reason, a primary 
cell is called an irreversible cell and a secondary cell a reversible cell. 

(ii) The internal resistance of a primary cell is high ; so it cannot give 
intense current. A secondary cell, on the other hand, has low internal resistance 
and gives a strong current. : K 

(iii) When a primary cell is once exhausted, a new cell is to be prepared. So, 
the use of primary cell is costly. A secondary cell can be activated by charging 
several times. 


1.12. Standard cell : 

A cell whose e.m.f. remains constant and which is used as the standard 
of e.m.f. for determining the e.m.f. of other cells by comparison, is called a 
standard cell. A standard cell is never used to supply current. It is free 
from local action and polarisation. The emf. of a standard cell, however, 
changes a little with temperature. Weston Cadmium cell has been recommended 
internationally as a standard cell for the purpose of standardisation. i 


1.13. Effect of electric current : 
When current flows in a closed circuit, three effects, mentioned below, are 
seen. Each of these effects may be used to determine the current strength. 


Ph, I1—21 
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(1) Heating effect : When current flows through a wire, the wire becomes 
heated. We become acquianted with the heating effect of electric current through 
various happenings of our daily life. When, for example, current flows through 
the filament of an electric lamp, the filament becomes so hot that it emits light. 
Many useful appliances have been made by utilising this heating effect of current. 


(2) Magnetic effect : When a current flows through a wire a magnetic 
field is created around the wire. A magnetic needle brought near the wire will 
be deflected which proves the existence of a magnetic field. This is known as the 
the magnetic effect of current. 


(3) Chemical effect : When current flows through a liquid conductor, 
like acidified water, copper sulphate solution, silver nitrate solution etc, a chemical! 
action takes place in the liquid, as a result of which, the molecules of the liquid 
are found to dissociate. This is known as the chemical effect of current or elec- 
trolysis. 

All the three effects of current can be simultaneously demonstrated by an 
arrangement shown in fig. 1.9. 


The arrangement consists of a torch bulb 
B, a magnetic needle M and a vessel coa- 
taining some water. Two test tubes, filled 
with water, are placed in an inveried 
position inside water. Æ is a battery of 
three storage cells connected in series 
and K is a plug key. All the instruments 
are placed in series in the same circuit so 
: Fig. 1.9 that same current flows through each one of 
them, which is recorded by an ammeter Am. When a plug is inserted in the 
hole of the key K, current flows through the circuit. At the same time, the bulb 
glows, the needle M is deflected and gas starts collecting in the tubes. In this 
way, the heating, the magnetic and the chemical effects can be demonstrated 
simulatenously. 


1.14. Physiological effects of electric current : 


Human body is a conductor of electricity. | Whenever opportunity is 
given, current will flow through human body, producing various reactions 
which are, in general, harmful. Those of you who have worked with electric 
appliances and instruments, must have felt electric ‘shock’ sometime or other. 
‘Shocks’ are likely to occur when defective fan, heater, iron, switch etc. 
are handled, 

Due to electric shock, the nerves of the body become temporarily paralysed 
and sensation of pain, involuntary movement of mu scles, twitchings etc are caused. 
Strong shocks, due to large voltage, may cause severe burning and even death. 

If the hands and feet are moist, the current passing through the body will 
be stronger and hence the shock is severe. High voltage also causes very severe 
shock. For these reasons, precautions are to be taken while working with elec- 
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trical equipments requiring high voltage—specially those connected to the ‘mains’. 
A wooden stand or a wooden board and a pair of rubber gloves should be used 
as a measure of protection against shocks. ` 

Electrical shocks sometimes produce good results in the treatment of some 
diseases like rheumatism, paralysis, loss of memory, insanity etc. The process 
of curing such diseases by repeated electric shock is known as ‘shock therapy’. 


Exercises 


Essay type : 


1. What is a simple voltaic cell ? Explain its action. Mention the chief defects of a 
simple cell and describe them. 
2. How is potential difference developed between copper and zinc electrodes when ‘they 
are dipped in dilute 77,80, ? [H. S. Exam. 1982} 
3. What do you mean by local action and polarisation in a voltaic cell ? 
4. Describe a Leclanche's cell, What steps are taken in this cell to obviate the chief 
defects of the cell ? 
5. Describe and explain the action of a Daniel cell. What methods have been adopted 
to remove the cheif defects of the cell ? [H. S. Exam. 1982] 
6. What is the construction of a dry cell ? For what purpose is this cell used ? 
7. Why are simple cells not used now-a-days to obtain a current ? Describe any other 
cell and explain the methods adopted for the removal of its defects. 
8. What is a storage cell ? What is its difference with a Daniel or a Leclanche's cell ? 
Describe a storage cell. 
9. Describe a secondary cell. Explain the principle of its action. What is its difference 
with a simple voltaic cell ? [H. S. Exam. 1979] 
10. Wtat is a secondary cell ? Why is it so called ? Explain the action cf any type 
of secondary cell. [H. S. Exam. 1985] 
11. Describe an experiment to demonstrate (i) the heating effect (ii) the magnetic effect 
and (iii) the chemical effect of a current simultaneously. Draw a diagram of the circuit, 
12. What do you mean by efficiency of an accumulator ? Why isn’t the ampere-hour 
efficiency a true picture of the performance of an accumulator ? 


Short answer type : 

13. Answer the following questions : (a) Does the e.m.f. of a cell depend on its size ? 
(b) What is the advantage of taking large plates and keeping them close together in a cell ? 
(c) Whatis the seat of em..inacell ? (d) On what factors does the e.m.f. of a cell depend ? 
(e) Whyis the zinc plate of a simple voltaic cell called the fuel of the cell ? (f) Why a coating 
of mercury is given to the zinc plate of a Leclanche's cell ? 

14. Why should you not short-circuit the terminals of a storage cell ? What does a 
storage cell store ? 

15. What do.you mean by ‘ampere-hour’ ? 

16, Should you draw currents from a standard cell for ordinary use ? 

17. What is the harm if current is drawn continuously for a long time from a Leclanche 


cell ? 


[H. S. Exam. 1979] 
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18. What type of cell should you use for the following purposes: (i) for lighting & 
bi-cycle lamp (ii) to put on the bulb of a room (iii) to ring an electric bell ? Explain your answer. 

19. What are the differences between a primary cell and a secondary cell ? 

20. What is the best of way of knowing whether a secondary cell is charged or discharged ? 

21. Fill up the blanks with suitable words from the parenthesis : 

(a) The arrangement which converts chemical energy into electrical energy in the form 
of continuous flow of electric current is called an——. (Volta’s pile, electric resistance, electric cel!) 

(b) The gradual weakening of current due to a deposition of other material on the electrodes 
of a simple voltaic cell is referred to as the —— of the cell. (Local action, potential, polarisation) 

(c) Theseat of — of a cell is the surface of contact between the electrode and the electrolyte. 

(Potential difference, internal resistance, electromotive force) 
(d) The capacity of an accumulator of delivering charge is expressed in —— units. 


(ampere-hour, volt, amperc) 
Numerical Problems : 
ES 


22. The heat liberated when 1 gm of zinc is dissolved in sulphuric acid is 1622 cal and 
the heat absorbed when 1 gm of copper is deposited from copper sulphate solution is 881 cal. 
The atomic weights of zinc and copper being 65:4 and 63:6 respectively and valency being 2, 
calculate the e.m.f. of the cell. [Ans. 1:1 volts] 

23. How much total charge can an accumulator of 2 ampere-hour capacity deliver ? 

[Ans. 7200 coulmbs] 

24. The capacity of a secondary cellis 30 ampere-hour. How much electric charge can 
be drawn from it without damaging it? {H. S. Exam. 1985] [Ans. 108 x 10° coulomts] 


: | 


—— 


OHM'S LAW AND RESISTANCE 


2.1. Current strength : 

A current flows through a wire when it is connected to the terminals of a 
cell. There is a similarity between such a current flowing in a wire and the 
flow of a liquid through pipes. The rate at which the liquid flows past any 
point in a system of piping may be measured by the amount passing in each unit 
of time—for instance in “grammes per second’ (Fig. 2.1). In the electrical case, 


WIRE TA 


ELECTRIC CURRENT 


TUBE 


Fig. 2.1 


the strength of the current (usually called the ‘current’) is similarly measured by 
the amount of charge passing any section of the wire per unit time. 1f Q amount 
of charge passes any section of the wire in ‘t seconds, the current-strength or 


simply the current in the wire 1-2 


If Q—1 e.s.u. and t=1 sec, then [=1 e.s.u. i.e. if 1 e.s.u. of charge passes 
any section of a conductor in 1 sec., then the current flowing through the conductor 


] e.s.u. 

Current flows in a closed circuit. If there be any break anywhere ip the 
circuit, the current will cease to flow. 1f we take continuous piping system of 
uniform circular section and allow water to flow through it, then at every section 
of the pipe, the rate of flow will be equal. Similarly, when current flows through 
a wire, its strength at every point of the wire remains same. 

The water system consisting of a series of pipes joined to a circulating pump 
corresponds to a simple electric circuit made up of a series of wires connected to 
a battery. The purpose of the pump is to maintain a pressure difference between 
its inlet and outlet in order to keep the water circwlating. Similarly, the function 
of the battery is to maintain an electrical potential difference (P.D.) between its 
two- terminals. It is the P.D. which keeps the current flowing in the circuit. 


2.2. Conducti m of electricity in metals : . 

Metals, in gereral, are good conductors of electricty as they contain copious 
free electrons. The conduction of electricity in metals is due to these free electrons. 
Free electrons have thermal energy which depends on the temperature of the metal. 
They wander freely from atom to atom in the metal. When a battery is connected 
across the ends of the metal, an electric field is set up which produces a drift 
of the electrons towards the higher potential end (see art 1.2. This drift 


constitutes an ‘electric current’. 
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Consider a metallic wire of cross-sectional area « through which a current 

I is flowing. Let us suppose that there 

are n electrons per unit volume of the 

wire. Now, in | second all those electrons 

within a distance v (v being the drift velo- 

city of electrons) to the right of the plane 

SH B i.e. in a volume «.v will flow through the 

Fig. 2.2 plane B as shown in fig. 2.2. This volume 

evidently contains 7.«.v. electrons and 

hence a charge n a.9.e. passes across the plane B in | second, where e is the charge 

carried by each electron. Hence, the current 7 in the wire, according to the 
definition, is —7..v.e. 


ift 
Electron dri 


Example 1: A wire, having | mm? cross-sectional area carries a current 


of 32 ampere. If the drift velocity of the electrons be 2 cm.[s. find the number of 


electrons per unit volume of the wire. Charge of an electron—1:6: 1071? coulomb. 


Ans. We know, /—m.x.9.0. Or n= 


x. U.C. 
Here z—1 mm?—10-? cm? ; 9—2 cm/s; e.—1:6: 107? coulomb. 
Hence n= 25 102: j 


10-2x2x16x10 
So, the number of electrons per unit volume (c.c.) of the wire— 10?! 
Example 2: The diameter of an aluminium wire is 0:25 cm. It is Joined, 


end to end, with a copper wire of diameter 0:16 cm. If a current of 10 amp. flows 
through the combination find the current density of each wire. 


Ans. Current will be distributed uniformly across the cross-sections of 
the wires. Only at the junction, the distribution will be somewhat non-uniform. 
So, the distribution of current along each wire may be regarded uniform. 


Now, the area of the cross-section of aluminimum wire -( 225) 005 
2 


Sq. cm. So, current density in aluminium wire, Jai co; amp per em? 


Again, area of the cross-section of copper vires (95) 002 sq. cm. 
So, current-density in copper wire, Teod: = i 

pp 00 500 amp/cm 
23. Ohm’s law : 


G.S. Ohm first established a relationship between the current and potential 
difference in 1826. This relationship is called Ohm's law. The law is as follows : 


For a given conductor, the strength of the current (I) that passes through it, 


is proportional to the potential difference (V) maintained between the ends of the 
conductor provided its temperature and other physical conditions remain constant. 
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For example, a current J flows through a conductor AB whose terminal 
potentials are respectively Va and V, 


[Fig. 2.3(a)]. According to Ohm’s law, 1 A —-! B | 
(Va—Vo) ol. mo ces NY a v; 
So, keepingt he temperature and 
other physical conditions (ie. length, Fig. 2.3(a) 
cross-section etc.) unchanged, if the terminal p.d. (Va — V») is increased, the current 
(J) increases and vice versa. 
Now, we can write, (V; — V») —R.I. [R=a constant] 
Va—Vo 
7 =R. 
This constant ‘R’ is called the resistance of the conductor. Hence, the 
resistance of a conductor is the ratio of the p.d. across it to the current flowing 
Y through it. 
Most of the metallic conductors like copper, 
12 aluminium etc. obey Ohm's law ie. the terminal 
p.d. (V) at their ends is proportional to the current 
(I) flowing through them and the V-I graph for 


$9 

$ 0'8 them isastraight line passing through the origin 

> [Fig 2.3(b)]. The resistance of these conductors 
is constant and the current becomes reversed when 

| 94 the p.d. is reversed but the strength of the current 


remains the same. They are known as Ohmic 
conductors. But there are some conductors which 
: : 5 y " do not obey Ohm's Law. The V-I graph for these 
02. 04. 06, Ue 1. 12 X conductors is neither a straight line nor does 


——>I (amp) it pass through the origin. Consequently, their 
$ resistance is not constant. If p.d. is reversed 
Fig. 2.3(b) in these conductors, a feeble current is obtained in 


some of them while no current is obtained in the other. These conductors are called non-ohmic 
conductors. Vacuum valves like diode, triode etc, semi-conductors, some electrolytes are the 
examples of non-ohmic conductors. 

2.4, Practical and absolute units of different electrical quantities : 

A. In studying current electricity we shall come across various terms like 
current, resistance etc. The practical units of these terms are very important. 

(i) Quantity of electricity : The practical unit of a quantity of electricity 
is Coulomb. It is the amount of electricity which passing through a solution of 
silver nitrate, will deposit 0°001118 gm. of silver on the cathode plate. 

(ii) Current strength : The practical unit of current strength is ampere. 
If one coulomb of charge (i.e. electricity) passes across any section of a wire in 
one second, the current strength of the wire will be called 1 ampere. 

: Q (coulomb) 
f: ere) = —— — — O, à 

That is, J (ampere) PGecodis) Q 

There are two smaller units of current. They are milliampere and micro- 
ampere. 
10? milliamperes (p14) —1 ampere (A) 
10° microamperes (j4) —1 ampere. 


328 A TEXT BOOK OF PHYSICS 


(iii) Potential difference and Electromotive force : 


The practical unit of both is Volt. If 107 ergs or 1 joule of work are necessary 
to send 1 coulomb of charge from one end of a conductor to the other, the potential 
difference between the ends is 1 volt. 


(iv) Resistance : The practical unit of resistance is Ohm. 


1 Ohm= 1 volt 
1 ampere 


Besides, 109 ohms=1 meg-ohm. 
and 10-9 ohm==! micro-ohm. 


B. Absolute Units : 


(i) E.S.U. of potential difference : Two points have | e.s.u. of potential 
difference if one erg of work is done to move 1 e.s.u. of charge from one point 
to the other. 

(i) E.M.U. of potential difference : Two points have 1 e.m.u. of potential 
difference if one erg of work is done to move one e.m.u. of charge (i.e. 3x 10!^ 
e.s.u.) from one point to the other. 

3x 101? e.m.u. of p.d. (or e.m.f.)—1 e.s.u. of p.d. (or e.m.f.) 

Gii) E.S.U.of current : The current flowing through a conductor is 1 e.s.u. 
if à charge of 1 e.s.u. flows through any section of the conductor in 1 second. 

(iv) E.M.U. of current; The current flowing through a conductor is 
1 e.m.u. if a charge of 1 e.m.u. (i.e. 3x 10!? e.s.u.) flows through any section of 
the conductor in 1 second. 

1 e.m.u. of current—3 x 10% e.s.u. of current. 

(v) E.S.U. of resistance: A conductor has a resistance of | e.s.u. if a 
current of 1 e.s.u. flows through it under a p.d. of 1 e.s.u. 

(vi) £.M.U. of resistance: A conductor has a resistance of | e.m.u. if a 
current of 1 e.m.u. flows through it under a p.d. of 1 e.m.u. 


C. Relation between practical unit and the absolute electromagnetic unit : 
It is to be remembered that, 


1 volt—10* e.m.u. of potential 
and 1 ampere—10- e.m.u. of current 


1 volt 108 
1 Ch ampe ORT d e.m.u. of resistance. 


2.5. International ampere, volt and ohm ; 


: Ampere, volt and ohm, being the most popular units of current, potential 
difference and resistance respectively, they are defined by an international agree- 
ment in terms of easily realisable quantities, in the following way : 

(i) International ampere : According to international agreement, 1 ampere 
is that steady current which passing through. silver nitrate solution, desposits 
*001118 gm. of silver in 1 second. í 

International ampere is slightly less than true ampere which is -th of e.m.u. 
of current. To d 
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(ii) International volt : It is 


Cadmium cell at 10°C. 

International volt is slightly bigger than true volt which has been defined 
earlier. 

(iii) International ohm : It is the resistance of a column of mercury of 
length 106:3 cm., sectional area 1 sq. mm. and mass 14:4521 gm. at 0°C. It is 
a little bigger than the true ohm which is equal to 10 e.m.u. of resistance. 


1 
10183 of the e.m.f. of a standard Weston 


2.6. Difference between electromotive force and potential difference : 


In discussing electrical circuits, we shall very often use the terms ‘potential 
difference’ and ‘e.m.f.’ In art 2.4, it has been mentioned that they have the same 
unit. But it is to be borne in mind that they are not identical things. Before 
going into a detailed discussion of Ohm’s law, we should realise clearly the 
difference between the two terms. 

If at any part of a circuit, electrical energy is found to be produced at the 
cost of other forms of energy, then we say that an e.m.f. exists in that part. In 
other words, electromotive force may be supposed to be such a source which 
converts other forms of energy into electrical energy. Positive and negative 
electricity become separated as a result of the electromotive force and the separated 
charges, then possess some potential energy which creates a difference of potential 
between them. Potential difference between the terminals of a cell, for example, 
when the cell is in open circuit, is called the electromotive force of the cell. 

On the other hand, if at any part of a circuit, electrical energy is converted 
into other forms of energy, then we say that a potential difference exists in that 
part. In passing through the potential difference, the electrical potential energy 
of the charges disappears giving rise to heat energy, mechanical energy, chemical 
energy and so on. 

In brief, it may be said that potential difference created between the plates 
of a cell as a result of the chemical action in the cell, is called the e.m.f. 
of the cell. But as soon as the cell drives a current through a circuit, the 
potential difference existing between its plates, diminishes a little due to the current 
passing through the resistance of the electrolyte of the cell (this is known as the 
"internal resistance" of the cell) This potential difference between the plates 
is usually called the p.d. of the cell. Hence it is clear that p.d. of a cell is slightly 
less than its e.m.f. It is true not only in the case of cells but in all other cases 
involving e.m.f. and p.d. » 

Further, if e.m.f. be regarded as the cause, the p.d. is its effect. 


2.7. Resistance and laws of resistance : 

The term ‘resistance’ is very important in current electricity. Its signific- 
ance will be clear if we take the example of water flowing through a pipe as 
mentioned in art 2.1. 

We have seen that if there be a pressure difference at the two ends of the 
pipe, water will flow continually through it. If, now, keeping the pressure- 
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difference same, the pipe be made wider or narrower Or longer or shorter, will 
the rate of flow of water remain same 2 It is easy to realise that the rate of flow 
of water depends upon the cross-section and the length of the pipe. If the pipe 
be wider (i.e. cross-section bigger), the rate of flow increases and if the pipe be 
longer, the rate of flow decreases. In other words, it may be said that the flow of 
water encounters less resistance in a wider pipe but greater resistance in a longer 
ipe. 

ia Same thing happens when electric current flows through a wire. The 
strength of the current obviously depends on the cross-section and the length of 
the wire. Current encounters less resistance in a thicker wire but greater resis- 
tance in a longer wire. 

Laws of resistance : If a wire has length /, cross-sectional area A and resis- 
tance R then, 

(i) R oc | when the cross-section A is kept unaltered. Wires of same 
material and equal cross-section but of different length, have, therefore, different 
resistance which is proportional to the lengths of the wires. 


(ii) Roc when the length / is kept unaltered. Wires of same material 


and equal length but of different cross-section, have different resistance which is 
inversely proportional to the cross-section of the wire. 

(iii) Wires of equal length and cross-section but made of different materials 
have different resistances. 


Hence, Re, or, R=p. L ipa constant] 


The constant ‘p’ is called the specific resistance or the resistivity. It depends 
upon the material of the conductor. The resistivity of a material is increased by 
even a small amount of impurity ; and alloys, such as constantan, may have 
resistivities far greater than any of their constituents. 

Definition of specific resistance : In the above formula, if we put /=1 and 
A=1, then R=p i.e. the specific resistance of a material is the resistance of 1 cm. 
length of the material when the area of cross-section is 1 sq. cm. In other words, 
it is the resistance between the opposite faces of a cube of the material, having 
each side equal to one centimetre. For example, the specific resistance of copper 
is 1°62 10-?—this means that a cube of copper having length, breadth and height 
each equal to 1 cm. has a resistance 1°62 10-5 ohm between its opposite faces. 

Unit of specific resistance : We can find the unit of specific resistance in 
the following way : 


l y : A 
- We know R=p X1 ; Putting the units of different quantities we have, 


l (cm.) . .* R (ohm) X A (sq. cm.) RA 
R (oh) =) sae ae mec 3E 
(oh PX 1 Gd. cm.) 1 (cm.) l eke gm. 


Example1: (1) 4 metal wire of radius 3 mm. and length 31:4 cm. has 
a resistance of 02x 1079 ohm. Determine the resistivity of the metal. 
[H. S. Exam. 1978] 
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Ans. We know R=p. d 2n rb 

Here, R=0:2 x 107? ohm ; /—3L:4 em. ; A=zr?=7(0°3)? sq. cm. 

..02x107*xn(03)?  02x10-3x3:14x(0:3)? 

3r4 3r4 

Example 2: The ratio of the resistances of two wires A and B was 1:2. 

The wire A was 1'2 metre long and had a resistivity 100 10-9 ohm.-cm. Its dia- 

meter was 1'2 mm. The wire B had 0'8 mm. diameter and a resistivity 28 x 10-5 
ohm-cm. What was the length of the wire B ? 


—18x 10-7? ohm. cm. 


Ans. With usual notation, for the wire A, we have R,—p, t and for the 
1 


Pale 


2 


Y 2 
ESIE Murs nr & - di: d [d; and d, are the diameters of A 
Rs ps lh Ar p. h d? 


and B respectively] 


wire B, Ry— 


100 12. /08\? 100x 1:2. 64 
DIL QUE IIO (Oey ee M $6 59 
UE Ma^ ~(i) 25x2 144 aere 


Example 3: Each of length, diameter and sp. resistance of two wires are 
in the ratio 1 :3. If the resistance of the thinner wire is 20 ohms., find the resistance 
of the other wire, [Jt. Entrance 1982] 


Ans. The resistance R, of the thinner wire RT uf and that of the 


P Plo . Ri Pı h (2) 8)\2 y 
2| Q—— 4 ——— — (2)eixix(3)-1 o RER, 
thicker wire R, "es Bie ENE ixix (8) 174g 


So, the resistance of the thicker wire—20 ohms. 


| 2.8. Resistor. conductor and conductance : 

| A substance which allows electric current to flow through it easily is 
called a conductor. No substance is, however, a perfect conductor. Every 
substance has an ability to resist the flow of electricity through it. If the 

| resistance of a conductor is utilised to diminish the current in a circuit, it is 

| better to call it a resistor than a conductor. 

For metallic wires of given dimensions (i.e. length and cross-section) silver 
offers least resistance to the current. Silver, being too costly for ordinary use, 
copper which comes next to silver as a conductor, is widely used for preparing 
connecting wires etc. In order to reduce the current in a circuit appreciably, 
high resistances are sometimes required. To prepare such high resistances, special 
alloys like eureka (60% copper and 40% nickel), manganin (84% copper, 12% 
manganese and 4% nickel) and nichrome (80% nickel and 20% chromium) are 
used. Eureka and manganin have a resistance about 25 times, and nichrome 


about 60 times that of copper. 
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Conductance : Current flows very easily through a substance whose resis- 
tance is very low. For this reason the quality of a material opposite to its resistance 
is called conductance. . 


Resistance of a wire is defined as R=? where V is the p.d. across the wire 


and I the current in it. Hence conductance of the wire is defined as si, The 


unit of conductance is Siemens, symbol S. 
A quantity opposite to the specific resistance is called the specific conductivity. 


The unit used to denote specific conductivity is mho (ohm spelled in a reverse 
direction). For example, if a copper wire has resistance of *01 ohm, its conducti- 


vity is ium siemens. If, again, the specific resistance of copper be 2x 107* 


$ $ EED 1 
, cm., t —L— s 
ohm. cm., its specific conductivity 1$ 5710-5 0:5x 10° mho-cm 


Since conductance is à property opposite to the resistance, the factors which 
increase the resistance of a body, evidently decrease the conductance of it. 


29. Effect of different factors on resistance : 

In general, the resistance of a conductor is little affected by surrounding 
conditions other than temperature. There are, . however, some special cases 
which are stated below :— 

(i Effect of temperature : The resistance of a conductor, in general, 
increases with the increase of temperature, the relation being Ri=Ro (1+-at) 
where R,—the resistance of the conductor at t^C, Ry=resistance of the conductor 
at 0°C and «=a constant, known as the temperature co-efficient of resistance. 


The temperature co-efficient of resistance of a resistor is defined as the increase 
of resistance per unit resistance for 1°C rise in temperature. 


The resistance of some substances like carbon, vulcanised India rubber 
(V.LR.) etc., decreases with the increase of temperature. The resistance of a 
carbon filament lamp in cold condition becomes almost halved when brought to 
incandescence. The resistance of V.LR. at 0°C is almost four times that at 24°C. 
For this reason, the temperature co-efficient of resistance is regarded positive for 
metals but negative for carbon, V.LR. and electrolytes. 

The resistance of semi-conductors also decreases with the increase of tem- 
perature. 

Example 1: Ratio of two resistances—one made of nichrome and the other 
of german silver—is 2:06 at 0°C, If the temperature coefficient of nichrome is 
410-4 C7! and of german silver 3% 10-13C31, what would the ratio of the resistances 
become if the temperature were raised by 100°C ? 

Ans. When the temperature is raised the resistance increases according to 
the equation : R,—AR,(1--«t) Thus, the new resistance of nichrome wire at 
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100°C, is Ra=Ry(1+4x 10-4 100)=R,y' 1:04. Similarly, the new resistance 
of german silver wire is Rg—Ro*(14-3 x 10-4 x 100)=Ry?x 1:03 
Ra_ Ro 1:04 2:06x 1:04 og 
Rs Ro? 103 103 
Example 2: The resistance of a wire measured by a Wheatstone bridge 
was found to be 5 ohms in melting ice. When the coil was heated to 100°C, a 100 
ohm resistor had to be connected prallel to it in order to keep the bridge balanced 
at the same point. Calculate the temperature coefficient of resistance of the coil. 
[H. S. Exam. 1982] 
Ans. Here, Rọ=5 ohm; suppose A,o9—resistance of the coil at 100°C. 


Then Ryo9=Ro(1+-.t) or Ryoo=5(1+at). 
When Rioo ohm and 100 ohm are in parallel, their equivalent resistance 


Pr dato A As the null point remains unchanged, we may write 
Ryoo+ 100 
100x Rro0_5 or Ie ohm 
Ryo9+ 100 95 
500 00 


100 l 
pm (l+a.t) or let or 1+100.c= LI 
aX 10-2—5:3x10-* ohm/°C. 


(ii) Effects of light, magnetic field and pressure : 

Light, magnetic field and pressure have some effects on the resistance of a 
conductor and all these effects have important practical applications. 

The resistance of selenium, a semi-matallic element, is found to diminish 
when light falls on it. The more the intensity of light the more is the diminution 
of the resistance. A piece of selenium has, therefore, the highest resistance in 
darkness. The circuit current can be regulated conveniently by using a selenium 
and controlling the intensity of light incident on it. For this reason, selenium cell 
is used for automatic street-light, alarm signals etc. Now-a-days, of course, 
photo-electric cells are found to be more effective than selenium cells. 

In bismuth, the resistance is changed by a magnetic field. The stronger 
the magnetic field, the higher is the resistance. Utilising this effect, a method has 
been devised for the determination of the intensity of magnetic field. 

The resistance of carbon granules decreases when pressure is applied on 
them. For this reason, carbon granules are used in carbon microphone. 

Example : 1 Find the resistance of a cubic centimetre of copper (a) when 
drawn into a wire of 0°32 mm. diameter and (b) when hammered into a flat sheet of 
thickness 1:2 mm. the current flowing perpendicularly through the sheet from one 
face to the other. Sp. resistance of copper—1:59 x 10-* ohm. cm. 


Ans. (i) we know, ftp Here, A—7r? ; again, nr? x /-1 c.c. .. ad. 
EI zr? 


1 1:59x 10-8 
fo SOIT 0) 5t binas: 
Hence, R=P. 53 713-14 x (016)5)* 4 
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(ii) Since current is flowing perpendicularly from one face to another, 
1 


l=0'12 cm; Also, AX/=1 cc. ~ A=; 
Hence, R-pi- p./2—1:59 x 10-6 x (0:12)25—2:3 x 1075 ohm. 


l 


Example 2: A wire has a resistance of 1'2 ohms per metre and a specific 
resistance of 4:5 1079 ohm. cm. What is its diameter ? 


Ans. We know, Rap.X4 


2 


If ‘d’ be the diameter, fae ; Hence R=p a 
4 rd? 


Here, R=1'2 ohms ; p=47°5 x 10 ; /=1 metre=100 cm. 


PrP SIE SAAN 
TR SAK 


" [-6 
r qo X or, d—0:071 cm. 


Specific rsesistance of some materials 


(In ohm.-cm.) 


ee 


Materials Sp. resistance Materials Sp. resistance 


Aluminium 3:2x1075 Brass 7—9x10-* 
Copper L:8x 1075 German silver 15—40x 107* 
Platinum 10°8 x 10-5 Eureka 49—52 x 1075 
Silver 1:6: 1075 Manganin 0:42 x 1075 
Mercury 94:1 x 10-* Tungsten Sx 10-5 
Iron 9:8x 10-5 Nichrome 100 x 10-5 


2.10. Internal resistance of a cell and lost volt : 

When a cell sends a current through a closed circuit, the current flows 
through the external circuit as well as through the active liquid of the cell. 
Inside the cell, the current flows from the negative pole to the positive pole and 
in doing so, the current has to overcome the resistance of the liquid between 
the plates. This resistance is known as the internal resistance of the cell. The 
strength of the current which is available from a cell, depends not only on its 
c.m.f. but also on the internal resistance. In order to obtain a large current, the 
internal resistance of the cell must be low. 
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Suppose A is the positive pole and B the negative pole of a cell [fig. 2.4]. The 
cell is sending current 7 through an external resistor R. R 
The current in the external circuit flows from the posi- I 
tive pole A to the negative pole B but inside the cell, 
it flows through the active liquid from the negative 
pole B to the positive pole A. Consequently a drop 
of potential Zr. will take place across the internal 
resistance of the cell which will reduce the external 
e.m.f. E by an equal amount. So, the terminal p.d. 
across the external resistor = E—/.r. This relation 
shows that greater the internal resistance of the cell, 
less is the driving force or the potential differnce Fig. 2.4 
which drives current through the external circuit. 

The internal resistance of a cell depends upon the distance between the plates, 
the sizes of the plates, the nature of the active liquid and a few other factors. If 
the plates of the cell are large in size and are placed close to each other, the internal 
resistance becomes low. The following are the values of the internal resistance 
of some widely used cells : 

Leclanche’s cell--between 1 ohm and 5 ohms. 
Dry cell-between 0:1 ohm and 0:5 ohm. 

Daniel cell—between 1 ohm and 6 ohms. 
Storage cell-nearly 0°01 ohm. : 

Lost volt : The internal resistance of a cell behaves as if it is connected 

in series with the cell. Suppose, a cell, of e.m.£. E and internal resistance ris 
R connected to a resistor of resistance R (Fig. 2.5). 
In this case, this total resistance. of the circuit 
may be supposed to be made up of the external 
resistance R and the internal resistance r of the 
cell connected in series. If 7 be the current in 
the circuit, then from Ohm’s law, we have, 


MONI 


SSSSSSSSSSNSSSSNNN 


E r E dut" d 
Fig. 2.5 ie xm because the circuit resistance — R-L r. 
E=IR+Ir=V--Lr., where V is the terminal p.d. of the cell. Since 
the e.m.f. (E) of a cell and its internal resistance (r) remain fairly constant, the 
terminal p.d. (V) of the cell depends upon the current (7) and in no case, can exceed 
the e.m.f. (E) of the cell. 
When /—0, V—E i.e. when there is no current in the circuit the terminal 
p.d. becomes equal to the e.m.f. of the cell. For this reason, the e.m.f. of a cell 
is generally referred to as the p.d. of the cell when the cell is in open circuit. 
From the equation mentioned above we also have, 
E—V 
Lr =E—V or Lipset 


From the equation we can find the internal resistance of a cell. 
Now, E is the terminal p.d. of the cell in open circuit and V is the p.d. of the 
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cell in closed circuit. The em.f. (E—V), therefore sends current through the 
internal resistance of the cell. This current does not do any useful work in the 
external circuit. (E — V) is referred to as the internal fall of potential or lost volt. 
It is equal to the product of the current (J) and the internal resistance (r) of the 
cell. 

Such fall of potential is also found along a power transmission line away 
from the generator. For this reason, the p.d. at the receiving end is always less 
than that at the generating end. 


Example 1 : The em. f.of a cell is2 volt ; but when a resistor of 10 ohms is 
connected to it the p.d. between the terminals of the cell becomes 1'6 volts. Cal- 
culate the internal resistance of the cell and the lost volt. 


Ans. Suppose, the current in the circuit is 7. 


16 —V 

So, [= 10 —0:16 amperes. Now, we know, ad > 

Here, E=2 volts ; V=1'6 volts and J=0'16 amp. 
2-16 04 


Hence, r= 116 =y ohms. 
Also, lost volt—1.r—0:16x 2°5=0'4 volt. 


Example 2: Two cells each of same e.m.f. but of internal resistances ry 
and r, are connected in series through an external resistance R. Find the value of 
R in terms of r, and ry for which the first cell will have zero p.d. across it. 

[Jt. Entrance 1984) 


Ans. According to Fig. 2.5(i), the current in the circuit i—3—7 where 
-rita 
e e " 1 2 
e is the e.m.f. of each cell. 
% t The internal fall of potential in the first cell 
} 2er 
=iXn= +. i 
mth Now, the first cell will have 
CINE zero p.d. acrossit, when the internal fall of potential 
Fig. 2.5(i) is equal to its e.m.f. Hence for zero p.d. 


mazar Rr pd 
Rentra e or rn+ra=2r, or R=r-r: 


2.11. Combination of resistors : 


Occasion arises when a number of resistors are to be used together in à 
combination, known as the combination of resistors. All these resistors combined 
together behave like a single resistor, called the equivalent resistor, which main- 
tains the same current or the same potential difference of the circuit as before. 
Resistors can be combined in two ways + (i) Series combination and (ii) Parallel 
combination. 


(i) Series combination : A number of resistors are said to be connected 
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in series if they are connected end to end consecutively so that the same current 
flows through each: 
Fig. 2.6(i) shows three resistors ry, ^ 1 AMBAS 
Fa, rg connected in series. The same current u heuer 1 : 
I passes through each. Their equivalent PGE thie ea VN aet 
resistance can be found out in the follow- 
ing way : Fig. 2.6(i) 
Suppose, the potentials at A, B, C etc. be Va, Vs, Vc etc. respectively. 
Considering the points 4 and B, we can write, according to Ohm's law, 
Va- Vg—I.r, 
Similarly, Va— Vcr; 
` and Ve— Vp-—Lr, 
Adding, Va— Vo=] (rid-ra4-r3) 
If R be the resistance of the equivalent resistor, then, Va—Vo=LR., 
So, LR.=Lrntretrs) <. R=ntretrs 
For a large number of resistors connected in series, we can write, in general, 
Repytretl strat eee 
Hence, by adding individual resistances, we get the equivalent resistance. 
In connection with the series combination of resistors, the following points 
are to the noted : 
(i) Current is same through all the resistors. 
(ii) Total p.d.—sum of individual p. d's across the individual resistors. 
(iii) Individual p. d. is directly proportional to the individual resistance of 


the resistors. : Y 
(iv) Total resistance of the combination is greater than the greatest individual 


resistance. : 

(v) Total resistance of the combination=sum of the resistances of the indi- 
vidual resistors. 

(ii) Parallel combination : A number of resistors are said to be connected 
in parallel when they are placed side by side and their corresponding ends joined 
together so that the main current is distributed among them. 

Figl 2.6 (ii) shows three resistors ry, 
rg rg connected in parallel. Corresponding 
ends of the resistors are connected to the 
points 4 and B. The main current 7, arriving 
at A divides into J, Ją and J, through the 
resistors 7, rs and r, respectively and 
combine again into the main current / at 

Fig. 2.6(ii) the point B. The equivalent resistance may 

be calculated in the following way. 
* Suppose the potentials at A and Bare respectively Va and V5. Since the 
ends of each resistor are connected to A and B the p.d. at the ends of each resistor 


is (Va— Vb). 
Ph. 11—22 
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Va— Vb Va— Vb Va— Vb 
ES ; L-—— 


So, according to Ohm's law, h=—— ; h= 
n ls rs 


: 125 .:4 
Adding we get, I--I,4-I5— I—-(Va— Vb) (z t +;) 
2 


If the resistance of the equivalent resistor is Rand if it is connected betweent 
A and B, the circuit current will remain unchanged. Hence, for the equivalent 


4 I= Va— Vb 
resistor, [= R 


Va — Vb lussdat | 
A =(Va—Vo{ -+-+ , <=—t+—+- 
R Me X NT ls ^ R n ur ls 


For any number of resistors, it may be written in general that 
[dod -l 
uc nA 
i.e. sum of the reciprocals of individual resistances is equal to the reciprocal 
of the equivalent resistance. 
In connection with parallel combination of resistors, the following points 
are to be noted : 


(i) P.D. across each resistor is the same. 

(ii) Total current=sum of currents passing through individual resistors. 
(iii) Individual currents are inversely proportional to individual resistances. 
(iv) Equivalent resistance of the combination is less than the smallest indivi- 


dual resistance. : 
(v) Reciprocal of the equivalent resistance is the sum of the reciprocals of in- 


vidual resistances. 
If only two resistors r, and r, are connected in parallel, then their equivalent 
resistance A is given by. 
qs peru ie od Fits 
R ry rs YN ; hn 


i.e. equivalent resistance eProcet of to two resisiane of the two resistances 


m ” » LI 39 
This relation is very useful as it will be applied in many cases afterwards. 
Example 1: A resistor of 10 ohms and another of 20 ohms are connected 
in series. If the p.d. across the combination be 60 volts, calculate the p.d. across 
A 10 20 each and the current through 10-ohm resistor. 


Ans. The resistance between the 
| i ends A and B=(10+20) ohms=30 ohms 
f | [Fig.2.6Gii)]. So according to Ohm’s law, 

current through i $5 
ri 324i ad ough each resistor, 7—9$—2 
Hence, p.d. across the 10-ohm resistor— 10» 2—20 volts. 
and zm " ..20-ohm .. 20x 2=40 
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Example 2: Between two points X and Y, are connected, in parallel, two 

resistors 12 ohms and 8 ohms. The main current in the circuit is 10 amperes. Cal- 
culate the current in each resistor and the p.d. between X and Y. 


Ans. If the equivalent resistor R be put between Y and Y instead of the 
two resistors, the circuit current will Ü 
remain 10 amperes. So, the p.d. between 
X and Y=10x R [Fig. 2.6(iv)] 


1 
Now, we know, rir 


RT ohms. 


Fig. 2.6(iv) 


Hence, p.d. between the points X and Y is=10x 2 —48 volts. 


P.D. between X and Y 48 
12 1:712 
—4 amp. 


Now, current through 12 ohm resistor— 


So, current through 8-ohm resistor=10—4=6 amp. 


Example 3 : The electrical resistance of a piece of steel wire of diameter 
1 cm. is reduced to } of its value by uniformly coating it with copper. What is the 
thickness of copper coating ? Given specific resistance of copper=1'8x 10-8 
ohm-cm. and sp. resistance of steel—1:98x 10-5 ohm-cm. 


Ans. In this case, the resistance of the steel wire is in parallel with 
the resistance of the copper coating. If R be the resistance of the steel wire and 
x that of the copper coating, then according to the question, 


930-10 eee a _R : 1 
ar Rie RTR or, x=3 .. (i) Now, we know, R-px4 
; 1:98x 1075x / 
For the steel wire, Ben PST 
E —6 
and for the copper coating, ESSO [d—thickness of the coating] 


From eqn. (i) we have, oe 


L98x109x]. 18x 10-8x/ 


95 Q5) 20-5) xd 
m day 0045 cni. (nearly) 


Example 4. A cell of e.m.f. 10 volts and internal resistance | ohm is connected 
in series with a parallel combination of three resistors 3, 5 and 8 ohms respectively. 
What will be current through each of the resistors ? [H.S. Exam, 1978] 
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Ans. ee vr resistance of the three resistors connected in parallel 
T 9 " 120 


is gi b mY = As Rej" ohms. 
Pee es ytt 120 
1 199 
So, the total circuit resistance? t= ohms 


E d 10 790 
the main circuit current —, o = 199 amperes. 
79 


The terminal p.d. of the parallel combinatión 
=main current x equivalent resistance 
790 120 1200 
= i99 * 79 "100° volts. 


Hence, current through first resistor= 35257? amp. (approx) 


» third » =——==075 ,, $ 


(iii) Pasa resistance of a mixed circuit : Sometimes, we are to deal 
With circuits where the resistors are connected neither 
in series nor in parallel but in a mixed way. Fig. 
2.6(v) shows such a mixed circuit. In the circuit 
ABCD, there is a resistor rı between A and B, two 
resistors rą and r in parallel between B and 
C and another resister rą between C and D. 
The main current arriving at A is shared between 
the resistors as shown in the figure. 
Fig. 2.6(y) Analysing the circuit, it may be said that it is 
composed of three resistors in sreies and these three 
resistors are (i) r} (ii) ry and (iii) the equivalent resistor of rą and ry. Now, the 
. Product of the resistances — r, Xr 
F2XFIg 


Tora 


Example 1: Calculate the total resistance R and the main current I in the 
mixed circuit shown in fig. 2.6(vi). The e.m.f. of the cell E=6 volts and its internal 
resistance r—1 ohm. 


Bs ut 
B — 


equivalent resistance of r, and r= 


So, the equivalent resistance of the mixed circuit=r,-ry+ 


Ans, 6 ohm and 12 ohm resistors are connected between 4 and B in para- 


llel. Their equivalent resistance R7 ohm. So, we can consider 


—€— 
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a resistor of 4 ohm existing between A and B. Now between C and D, the 4 ohm 
resistor and the resistor R, (—4 ohm) ES 6V 
are in series while 8 ohm resistor is in I rain 
parallel with them. The combined resis- ` 
tance of the two resistors in series is 
R,=4+4=8 ohms. So the equivalent 
resistance between C and D is given by 


R.x8 8x8 
R3= Ris” 378 =4 ohms. Now we can $a. : 
say that only a resistor Rẹ (—4 ohms) Fig. 2.6(vi) 


is connected between the terminals of the battery. Hence, total circuit resistance 
R=R,+internal resistance of the battery (r)—4--1—5 ohm. 


Main circuit current ber $i 2 amp. 


Example 2: The values of the resistors in fig. 2.6 (vii) are in ohms. Find the 
equivalent resistance between A and B. [ZLT. 1979] 


Ans. Between A and C, the 3Q and 32 resistors are in series, giving 

a resistor R,—3--3—6 ohms and the 6 ohm resistor in parallel. If the equivalent 
c3 ý resistance be R, then 1/R.=1/R,+1/6=1/6+1/6=1/3 

3 *, R=3Q. Now we can say that between A and 

MS C, there is only one resistor R, of value 3 ohms. Con- 
E sidering the points A and D, the aforesaid resistor R, 
and the resistor 3 ohms are in series, giving a total 

3 3 resistor Rj—R;--3—34-3—6 ohms and a 62 resistor 
in parallel. So, if R, be their equivalent resistance, 


I5 : ` 
A 3 B aie p itis <. R,=3 ohms. This means 


Fig. 2.6(vii) that between A and D, there is only one resistor 

R, of value 3 ohms. Similarly, between 4 and E, we 

will have only one resistor R, of value 3 ohms. Lastly between A and B, the 

resistor R; (—3 ohms) and EB (—3 ohms) being in series, they give a resistor 

RQ34-3-—6 ohms, which is in parallel with the resistor AB (—3 ohms). 

Hence the final equivalent resistance R of the circuit is 1/R—1/Rq4-3—3--3—3 
R=2 ohms. 


Example 3: Jf a number of resistances be connected in parallel. show that 
the equivalent resistance will be less than the smallest resistance of the combination. 


Ans. Suppose ři, r and r, are three resistors in parallel (r,<r.<r,). Now 
rila anu 


ai of r, and r. in parallel is R= = .. Since 
the equivalent resistance of r, a in par eyes Rad ate 1 
r, and r; are positive it is clear from the above relation that Rı<rı. Again, 
Rifi R 


the equivalent resistance of R, and R, in parallel is R,= [Un RE P2 If 


shows that Rj«&r,. So, Re<ry<ra<r, i.e. the equivalent resistance is less than 
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[29 the smallest resistance of the combination. The above fact can be proved in 
the same way if there be more than three resistors in the combination. 


Example 4: A mixed combination of resistors has been shown in fig. 2.6(viii) 

A battery of e.m.f. 2:5 volt is connected between the points A and B of the combina- 

tion which sends current in different branches in the directions shown by arrow heads. 

Calculate the equivalent resistance of the combination and the current in the battery 
circuit. Neglect the internal resistance of the battery. 

Ans. From the direction of current, it is clear that 3 ohm resistor in 4D and 

7 ohm resistor in DC are in series connection. So, their total resistance Rj234-7 

D 7a C =10 ohms. Again, the resistor R, and the resistor 

10 ohms in AC, being in parallel connection, give 


an equivalent resistance A, such that 2 d am Ls 
Ba BEER, 10 
l l 1 oh 
i0 io s or R,=5 ohms. So, it may be con- 
Ag oB sidered that there is only one resistor of R, (=5 
ohms) between A and C. According to the direction 
m of current, this resistor R, and the resistor 5 in CB 
5 £ are in series combination. Hence, the equivalent 
Fig. 2.6(viii) resistance of these two resistors R,=R,+-5=5+5=10 
ohms. As Rand 10 ohms resistor in AB are in parallel connection, the equivalent 
y 15 bit poojadrgu? 1 
resistance of the circuit R is ——--—-——4—-—- = s. Agai 
R R 10 T 00 5 or R=5 ohms. Again, 
the current in the battery circuit i= Dew. s ed GENE amp. 
equivalent resistance — 5 
: Example 5 : Find the current through the 3 ohm resistor of the circuit shown 
in fig 2.6(ixa). The e.m.f. of the battery is 1'8 volts and internal resistance is 2 ohm. 


[I.I.T. 1971) 


a M Fig. 2.6(ixb) shows the simplified form of the circuit. From the figure 
xS CES a between A and B, two resistance of 8Q and 2Qare in parallel and 
ween and C, 40 and 62 are in parallel connection. The equivalent 


$a 


Fig. 2.6(ix) 
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resistor R, of the first is i bri or Ry=S=1'6 @ and that of the second 
1 


PR 
is = =}+4=%, or Ry——24 Q. So, total resistance between A and C 


2 
is Ry—1:64-2:24—49. 
Again since, 32, R4(—49) and 6Q are in parallel, their. equivalent resistance 


TE ORE Y Od enol clea, - 

R HM YN F l—— A e — e =12=1 $ 5 i i 

is 3 Is | R N, R= =l} ohm. So, total circuit 

resistance— R--internal resistance of the battery— 1243=18=2 ohms. 
em f 15.99 ohms. 

circuit resistance — 2 

Again, the total resistance between 4 and C=R= E ohm. and the total circuit 

current-—0:9 amp. So, the p.d. between A and C=Rxi=? x0:9—1:2 volt. If 


i, be the current in 3Q resistor, its terminal p.d.=3x4. As 32 resistor is in 
parallel connection between A and C, we have L[:2—3»x i, or i,—0:4 amp. 


Circuit current i= 


2.12 Potential divider : 

In laboratory work, we very often require fractions of large potential 
difference. We can use two resistors 
in series to provide such fractions 
very easily. In [Fig. 2.7(i)] one such 
arrangement has been shown and 
it is called a resistance potential 
divider. Here the large potential 
drop V has been divided into two 
parts by the two resistors r, and rz 
connected in series. The current 
flowing through the resistors 


V 
i i=— 
Far. 
r, 
y—ine—-. V 
17.0 nth (i) 
r 
And V=ir = ——. V .. are ii 
27g nir (ii) 


Regulating the values of r, and r;, the fractions Vj and V, can be made according 
to convenience. 

A resistor with a sliding contact can be similarly used [Fig. 2.7(ii)] to provi- 
de a continuously variable potential difference from zero to the full value V. Figure 
2.7(ii) shows how the value of V, increases from zero to V as the contact point 
goes from the lowermost point to the top-most. This is evidently a very convenient 
method of controlling the voltage across à load, for example, an electric bulb 
[Fig. 2.7 (iii)] The resistance rą of the bulb is in parallel with r, and the eqn. (i) 
is not applicable in calculating the voltage V; across the combination. The voltage 
can, however be calculated if rẹ is known as in the following example. 
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Example : A load of 200 ohms is connected via a potential divider of resis- 
tance 400 ohms to a 12 volt supply. What is the p.d. across the load when the slider 
is one quarter up the divider ? 

Ans. When the slider is one quarter up the divider, the resistance in parallel 
with the load is 100 ohm [Fig. 2.8]. If R be the 
equivalent resistance, then 

1 1 1 3 200 
== = -+ ILI : = Le hms. 
R 200° iw 200 ^3? 
200 H 
(3) 200% Thus, d ohms, , Rac=— +300= D ohms. 


RAB 200/3 2 
* ES = ——— y |/= 

Fig. 2.8 < VAB- v VAC 1100/3: 12 T 

=2:2 volts (nearly). Had there been no load across the resistor AB, its p.d. would 


have been 3 volts. 


x12 


2.13. Shunt : 

On many occasions, sensitive instruments like galvanometers, ammeters 
etc, are used in electrical circuits. Intense current should not be allowed 
to pass through them as the current may be strong enough to damage 
or even destroy the delicate instruments. To protect the instruments against 
such damage, an alternative passage is provided with the instruments such that 
most of the main current of the circuit passes through the alternative passage and 
a very small part through the instrument. This alternative passage is called a 
shunt, It consists of a resistor of low value connected in parallel with the instru- 
ment, 

Fig. 2.9 shows the arrangement of a shunt. With a galvanometer G, is 
connected, in parallel, a resistor S of low 
resistance, It serves the purpose of a shunt 
and the galvanometer is called a shunted 
galvanometer. The main current /, arriving 
at A, finds two paths—one through the 
-galvanometer and the other through the 
shunt. Since,the shunt resistance is very 
low, compared to the galvanometer resis- 
tance, most of the current will pass through 
the shunt S and a small part through the 
galvanometer G. As a result, the galvano- Fig. 2.9 
meter will not be damaged. Further by Duig the shunt resistance, the 
galvanometer current may be changed according to our convenience. We 
can find the currents flowing through the two paths in the following way. 


Suppose, the main current—7 
Current through the galvanometer— 7; 
shunt =l; 


—— 
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The resistance of the galvanometer=G and the resistance of the shunt— S. 

Now, I-—1g3-Is. : 

If (Va — V») be the potential difference between A and B, then considering 
the galvanometer path we have, Va— V»—156G.. 

Since the shunt is also connected between A and B, Va — Vo= 1,8. 


hos 
Gaim: c 
ifr EZ eat 


This shows that in two parallel branches of resistances, current divides itself 
inversely as the ratio of the resistances. 


Igt+l, S+G I G-S . G 
Now TEE G or, 7, G Stay 73 Gas 


Also, 1 ni(i “ae s 

Example 1. 4 galvanometer of 240-ohm resistance is shunted with a resis- 
tance of 10 ohms. If the main current is 5 amp calculate the currents through the 
galvanometer and the shunt. 

Ans. Here, G—240 ohms ; S=10 ohms, 7—5 amp. 
ae Ip 5—449—02 amp. 

So, /[,—5—0:2—48 amp. 

Example 2. A galvanometer has 199 ohms resistance. How much shunt 

is to be used with it so that ggth. part of the main current should flow 


through the galvanometer 1 


We know, l= 


S I 
Ans. We know, D= zw I], here Ig= 300 and G—199 ohms. 
JI S 
on 2. x J or $4-199—200 S or S=1 ohm. 
So, 3X sri F 


Example 3. Consider two circuits given in the fig. 2.10. Calculate the resis- 
tance R, and R, such that the current drawn from the batteries is the same as in 
the two cases but current through R in circuit (b) is reduced to 1/10th of that through 
R in circuit (a). If R is 11 ohms, find the values of R, and R, [LT 1970] 

Ans. First consider the parallel resistors R and R; in the second circuit. Su- 
ppose current iis drawn from the battery. According to the question the current 
through R=i/10. So, current through 

oc i A ; s 
—j—-—=—9—. Since the resistors i R 
R=i— o 910 i "n 
are connected parallel, the p.d. across 4 R iE * 


9i i 
R=p.d. across Ra or RX 07E 76 
(a) 4 (b) 


orm eger geom n Fig. 2.10 
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i é Iso 9.«: 10 
If R, be the equivalent resistor of R and R, then E RT e Ht ui 
i: R= ohm. So, the total resistance of the second circuit 


=R, R= (Gtk ) ohms. 


Since the first and the second circuits are taking the same current, their re- 
sistances are equal. Hence, 
H-eR-R-I or R,—ll -H-1$ ` R=99 


2.14 Combination of cells : 

]n order to increase the circuit current or the potential difference, 
several cells are connected together to form a combination, known as a battery. 
There may be three different types of combination of cells viz. (i) series 

e combination (ii) parallel combination and 
r 


ot HHH E S (iii) mixed combination. 
(i) Series combination : In series 
: combination of cells, the positive of one is 
connected to the negative of the next and 
so on [Fig 2.11]. The adjoining figure 
R shows four cells connected in series. The 
free positive pole of the first cell and the 

—[ 


free nagative pole of the last cell form 
Fig. 2.11 the two poles of the battery. An external 
resistor R is connected to the battery. To find the current through the external 
resistor, we may proceed as follows. 


v Mtr V +) [- V2 +) l- Vs +| |- V4 
A | | | | | | B 
' e e e e 


Fig. 2.11(i) 
Suppose, the e.m.f. of each cell is ‘e’ and the internal resistance is ‘r’. From 
fig. 2'11(i) we can write. 
V —V,=e (for the first cell) 
V,-Ve=e ( ” "second 2 
V,-V,-e (" ” third 7) 
V,-Veex uu fourth ”) 


Nri occ 
Adding, V— Va=4e 
But (V — Va) is the p.d. of the whole battery. So, the e.m.f. of the battery 
—4e ; if there be ‘n such identical cells, the total e.m.f. of the battery—ne. 
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- Since the cells are joined in series, the internal resistances may also be 
supposed to be joined in series. For ‘m cells, therefore, 
the total internal resistance—7r. The total circuit 
resistance—nr--R [Fig 2.11 (i). 


So, the current through the external resistor, 


__ Total e. m. Bos i BE 
Total resistance nr+R 
Discussion : (a) When R>>nr, we can write, Fig. 2.11(ii) 


ne, : NENS: 
m ie. the current through the external resistor is "m times the current 


supplied by à single cell. : 

(b) When nr>>R, we have, It ie. the current through the 
external resistor is equa] to the current supplied by à single cell. 

So, we see that to get a Strong current, cells should be connected in series 
when the external resistance is large in comparison with the internal resistance 
of the battery. 

(c) If one of the ‘n’ cells is connected wrongly so that it sends a current 
in the opposite direction, then (n—1) cells will send current in the same direc- 
tion, having a total e.m.f.—(n—1)e. Hence, the resultant e.m.f. of the battery 
E (n— De— e-(—-2ye. But the circuit resistance remains same as before. 


3 —2e- 
So, the current through the external ge vie 
nr+R. 


(ii) Parallel combination : When all the positive poles of a number of 
e cells are connected to oné point and all the negative 
poles at another point, the cells are said to he 
connected in parallel. Fig. 2.12. shows three cells 
connected in parallel. The point 4 is the positive 
terminal of the battery and the point B, the 
negative terminal. An external resistor R is con- 

nected between the points A and B. 
In parallel connection, the resultant e.m.f. of 


; j . the battery is the same as that of one cell only and 
Fig. 2.12 in the present case, it is equal to ‘e’. Since the cells 
are connected in parallel, the internal resistance of the battery is to be calculated 


from the formula for resistors in parallel. For three cells connected in parallel 


e 
nme 


as in fig. 2.12, the internal resistance of the battery 2. If 


there be‘ n’ number of cells, the internal resistance of the 


battery — 7. The total circuit resistance=R + us So, 
n 


the current in the external resistor, [Fig 2.12 ©] Fig. 2.2) 
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total e. m. f. e ne 


— 


La =—.. 
Total resistance — p ee nR+r 


; ne € 
Discussion : (a) When »AR>>r, we can write I= RoR ie. the current 
. in the external resistor is same as the current supplied by à single cell. 


(b) If r2 —nR, we can write, I=n. : i.e. the current in the external resistor 


is ‘m times the current supplied by a single cell. 


It is, therefore, clear that to get a strong current, cells should. be connected 
in parallel when the external resistance is small in comparison with the internal 
resistance of a single cell. 


One advantage of parallel combination of cells is that the main circuit cu- 
rrent is shared between the cells and hence there is less strain on the cells. But 
in series combination, the same main current is supplied by each cell. The cells 
should never be left connected in parallel when not in use because if one of the 
cells has greater e.m.f. than another, a current will flow through the battery itself 
and the cells become quickly exhausted. This cannot happen in the case of series 
combination. 


Advantages and disadvantages of series and parallel combinations : 


(i) In series combination, the terminal e.m.f. increases; the internal resis- 
tance of the battery also increases. In parallel combination, however, the terminal 
e.m.f. remains same as the e.m.f. of the individual cell but the internal resistance 
of the battery diminishes. à 


(ii) Series combination gives strong current when the external resistance 
is large compared to the internal resistance of the battery, but parallel combina- 
tion. gives strong current in the reverse case i.e, when the external resistance is 
small compared to the internal resistance of the battery. 


(iii) In parallel combination, main circuit current is distributed equally 
among the cells of the battery and hence no undue strain is exerted on any cell. 
But in series combination, the same main current is supplied by each cell. 


(iv) If one of the cells of the battery happens to have greater e.m.f. than 
another, then a current will flow through the battery itself when the cells are con- 
nected in parallel. This may damage the cells quickly. This, however, cannot 
happen in the case of series combination, 


Example : 5 cells, each of e.m.f, 1°5 volts and internal resistance 3 ohms 
are connected in series. A resistor of 10 ohms is connected to the battery. Find 
the current in the circuit. What would be the change in circuit current if the cells 
were connected in parallel ? : 


Ans. Total e.m.f. of 5 cells connected in series—5x 1:5—7:5 volts 


» internal resistance of them—5»x 3—15 ohms. 
Total circuit resistance—15--10—25 ohms. 
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Current in the circuit 77703 ampere. 


If the cells were connected in parallel, the battery e.m.f. is same as that 
of a single cell i.e. the battery e.m.f.=15 volts. If R be the internal resistance of 


hee ee aie 
thi batt mr 4 ee hee ee M 
e battery, R= 31 3*1 31 31 3-3 


So, the total circuit resistance —10--0:6— 1076 ohms 


R—$-06 ohm. 


the circuit current 1 =0"14 ampere. 
Hence, the change in circuit current—(0:3 —0:14)—0:16 ampere. 

(iii) Mixed combination : When several rows of cells are connected in 
parallel, each row containing a number of cells in - 
series, the combination is calléd a mixed combina- 
tion. In fig. 2.13, ‘m rows of cells are connected 
in parallel, each row containing ‘n’ cell in series. 
The point A is the positive pole and B the negative 
pole of the battery. A resistor R is connected 
between these points. 

Suppose the cells are all identical. The e.m.f. 
and the internal resistance of each cell are ‘e’ and ae 
respectively. From the figure 2.13, it is clear 
that each row may be regarded as a single cell Fig. 2.13 
of em.f. ‘ne’ and internal resistance ‘nr’. In that case, such ‘m cells are connec- 
ted in parallel. Considering the whole battery, its e.m.f.—ne and internal resis- 


nr 
tance——-. 
m 


— n celis 


l 1 mw 
A EE E M times 7 Rn i] 


If R' be the total internal resistance, then, =, 
R nr nr m 


ne : : ; RP eus s 
= Hence, total circuit resistance=R+ = [Fig 2.13 (i)] 
nr So, the current through the external resistor 
NO total e. m. f. ne mne 
N " XOU reuHanoe sip Es mR--nr 
S! - 
^ otal resi REIL 
Fig. 2.13(i) m 


Arrangement for maximum current ; 
How can we arrange the cells in a mixed combination so as to obtain the 
maximum current in the external circuit ? 
In the mixed combination, the current in external circuit is given 
m.n.e. m.n.e. 
by, t n 2 mr mE 
—mR-enr (y mR- vnr) --24/mnR.r 
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The numerator being a constant, 7 will be maximum when the denominator 
is minimum. But the last factor viz., 2\/mnR.r of the denominator is a constant. 
Hence, J will be maximum, when (Jan nr)? isa minimum. Since a squared 
quantity cannot be negative, the minimum value of (A/mR— vnr)? is zero. 

ie. For J to be maximum, (A/mR-— /nr)?—0. 


n 
or, mr=nr or, R=—.r 
m 
Hence the current in the external circuit will be maximum, when the total 
r nr, ; 
internal resistance of the battery (=) is equal to the total external resistance A. 


The maximum value of the current is given by the equation, 
nE 
Imar == or, al v mR=nr ] 
2r 
Example 1 : You are given 24 similar cells, each of e.m.f. 1'5 volts and in- 
ternal resistance 4 ohms. How you will arrange them in a mixed circuit so as to 


obtain maximum current in an external resistor of 6 ohms ? What is the value of 
the maximum current. ? 


Ans. Suppose, ‘n’ cells are arranged in series in a row and ‘m’ such rows 
are connected in parallel. So, mxn=total no. of cells=24 a ..(i) 


: nl . n 
Again from the condition of maximum current, we have, R=— xr 
5 m 


Here, R=6 ohms, and r=4 ohms. So, =~ Spe co.) 


Multiplying eqns. (i) and (ii). n*—24 x $—36 4 n=6; So, m=4 
i.e. 4 rows are to be made each row containing 6 cells in series. 


E 6x15 
Also, Ioas Jug 7075 amp. 


Miscellaneous example 1. Two lamps, each of resistance 50 ohms, are arranged 
in series with 100 cells, all joined in series. If the internal resistance of each cell 
is 1 ohm and the e.m. f. of each cell is 1*5 volts, calculate the current in the lamps. 


Ans. Since the lamps are joined in series, the same current will flow through 
each lamp. Now, the total resistance of the lamps—50--50—100 ohms. Since 
the cells are also joined in series, their total internal resistance—100 ohms. So, 
the circuit resistance—100-- 100—200 ohms. 

Also, the e.m.f. of the battery—-100:1-5—150 volts. 
qi Total e.m.f. - 150 
stecurtente -———— 7. i 

Total resistance 200 odii 


Hence, current through each lamp—0:75 amp. 


No i 


+ D 
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Example 2: One kilogram of copper is drawn up into a wire (a) 1 mm. 
diameter and (b) 2 mm. diameter. Compare their resistances at the same tempera- 
ture. : 
e. _ pl 


(3) 5. 
Tl 
2 
length, d=diameter and p=sp. resistance. 


If M=mass and D=density of the material of the wire then volume x 


zd? ^ 4M 4p. 4M _16M.p. 
density=mass, or —- 4 X! D= MC Drai 99: R2 a pa Dd 


Ans. We know, R= where R= resistance | of the wire, /= 


In this case, Roc x because all other factors are constant. 


If the wires have resistances R, and Rẹ and diameters d, and d; respectively, 

then, Rd LODS jg RI RSE: 
2 

Example3: ABCD is a square of wire, each side having a resistance of 8 
ohms. A and B are connected to the terminals of a battery of 20 volts. What is 
the current in the main line ? : 

Ans. In fig. 2.14, ABCD is the square of wire. The battery is connected 
to the points 4 and B. Here, the main current, 
arriving at A, will be divided into two parts— 
one flowing along 4D, DC, CB and the other 
along AB ; they will meet again at B and will go 
back to the battery. From the flow of the current, - 
it is clear that the wires 4D, DC and CB are joined 
in series and the wire AB is in parallel with them. 

Now, the total resistance of the wires AD, 
DC, and CB joined in series—8--8--8—24 ohms. 
We can now suppose that a single wire of 24 ohms 


resistance is there instead of the three wires. If 20V. 
R be the equivalent resistance of the single wire and Fig. 2.14 
the wire AB, then s Aem tS ii S. R=6 ohms: 

j R 24 8 24 


So. the total circuit resistance—6 ohms. 
the main current —22.—3:33 amp. 


Example 4: The ends of a Mnt wire 1 metre long are connected to the 
terminals of a battery (e.m.f.=2'1 volts ; internal resistance=1'5 ohms). Find 
in millivolts, the fall of potential per unit length of the wire, if the resistance of the 
wire be 2 ohms. 

Ans. Total circuit resistance==2+ 1:5—3:5 ohms. 

Total e.m.f. 21 


the circuit t, = ——— — ————L-— 
If 7 be the circuit curren Total recitals 33 0:6 amp. 
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Now, terminal pd. of the wire—resistance of the wire x current 
=2%0°6=1°2 volts. 


P.D. he wi 
^. fall of potential per unit Sistine METUS 


length ,, ,, 
12 12x1000 ... P 
71 volt/em.=— 55 — millivolt/cm. —12 millivolt/cm. 


Example 5: 4 circuit contains an ammeter which reads 1-3 amp. When 
a Voltmeter is connected to two points A and B of the circuit, it reads 3:9 volts. What 
is the resistance of the portion of the circuit between A and B ? 

Ans, The reading of the ammeter included in the circuit gives the current 
in all parts of the circuit. Hence, the current flowing in the circuit betw.en A 
and B —]-3 amp. 

The p.d. of the portion of the circuit is obtained from the voltmeter reading, 
which is 3-9 volts, So the p.d. between A and B—3:9 volts. From Ohm’s law, 
therefore, we can write, 

P.D. between A and B 3:9 


—— ———— an L =3 ohms. 
Current through it Our 


the resistance between A and B= 


; Example: Three storage cells A, B and C each having an open circuit 


voltage of 2-2 volts are connected in such a way that their positive terminals are all. 


Joined together. Their negative terminals are also joined together. The internal 
resistance of A is0'\ ohm., of B 0:2 ohm. and of C0°4 ohm. If a coil of resistance 
2:143 ohms is connected across the battery terminals, find the curreni through the 
coil, 

Ans. Voltage of a cell in an open circuit is its e.m.f. So, the e.m.f. of each 
cell:22 volts. From the question, it is clear that the cells are connected in parallel. 
Hence the e.m.f,, of the battery=2°2 volts. 

The internal resistance of the battery A is given by, 


EU 1 2 04 
ERE o mem. us =— =0:057 ohm. 
R 01 02 04 04 rm y 
Total circuit resistance —2:143-4-0:057—2.2 ohms. 
e.m.f. of the circuit — 2:2 


Circuit current = essence of the „ — 727. amp. 


Example7: Two identical cells, when connected in series, send a current 
of 025 amp through a resistor of 8 ohms, When the cells are joined in parallel, 


? current of 016 amp flows through the same resistor. Find the e.m.f. and 
the internal resistance of each cell. 


Ans. Suppose, the e.m.f. of each cell=e and internal resistance—r. 
In the first case. the total e.m.f.—2e and total internal resistance== 


2e 
2r. ite. ———. -—0* ei mE 
Hence we can write, 218 0:25 (i) 
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In the second case, the total em.f.=e and total internal resistance 


r 


. So, we have, £ =0:16 epos 
3+8 


NI~ 


* H e EU " "4 0 d x "m 
From eqn. (i) we get, noy 25 or e—0:25 x r3-l. 


» " (ii) we get, e=0°08 x r-- 1:28 
Q25xr--1-0:08x r--1:28. or, 0:17x r=0°28 
re ohms (nearly) Also, e—0:08 x 1:6--1:28—1:408 volts. 
Example 9: 12 cells, each having the same e.m.f. are connected in series 
and are kept in a closed box. Some of the ceils are wrongly connected. This 
battery is connected in series with an ammeter and two cells which are also in series. 
The current is 3 amp when the cells and the battery aid each other and is 2 amp 
when the cells and the battery oppose each other. How many cells in the battery 
are wrongly connected ? [Jt. Entrance 1985] 
Ans. Let the number of cells wrongly connected be x. If e be the e.m.f. 
and r the internal resistance of each cell, then the total e.m.f. of the battery— 
(12—2x) e* and the total internal resistance—12r. When the additional two 
cells aid the battery, total circuit e.m.f.=(12—2x)e+2e and total circuit resistance 
— r-- R where R is the resistance of the ammeter. 


(12-2x)e--2e 4 £ (i) 
14r+-R 
When the additional cells oppose the battery, the total circuit e.m.f.—(12—2x)e — 2e 
and the total circuit resistance 14r +R 


(12—2x)e—2e 7 a Gi) 
14r-+-R 
Solving equations (i) and (ii), we get x=! i.e. one cell was connected wrongly 


in the battery. 

Example 10 : A distant telephone whose resistance is 300 ohms is connected to the 
exchange 10 miles away bya pair of telephone wires whose resistance singly is 5 ohms 
per mile. A twig falls across the wire at a certain point, producing the effect of 
a resistance R connected between the wires at that point. Measurements made at 
the exchange show a resistance between the terminals of the line as 130 ohms which 
rises to 160 ohms when the distant telephone is disconnected. How far from the 
exchange is the fault to be fourid and what is the value of R ? [LIT 1971] 
OTET a a pT eT MANT PUE + inal rn ARO 

[*Note that the total e.m.f. is not (12—x)e but (12—2x)e because x wrongly connected 
cells remain in the circuit and their e.m.f/'s act opposite to the em.f’s cf the remaining cells cf 


the battery. See art 2.14(c)]- 
Ph. 11—23 
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Ans. See fig. 2.15. Let AB be the twig at a distance x miles from the exchange. 

: The distance of the twig from the telephone 
eMe =(10— x) miles. From the fig. 2.15 it is clear 
that the wire of resistance 2x 5(10— x) 
ohm and the telephone are in series 
but the twig of resistance R is in parallel 
with them. If R, be the equivalent 
resistance of this combination then 


a ee a aa 
Fig. 2.15 de 1 pl 
R, 2x5(10—x)+300 R 
1 1  400—10x4-R : R(400 — 10x) 
= + -= —_———. AD So 
400—10x R R(400— 10x) 400—10x-+R 


eta: : R(400— 10x) R(400 — 10x) 
= le 5x-— 10. Te enc Torte deer M ANN 
Total circuit resistance expe OXER +5x x4 Oxi R 


(i) 


R(400 — 10x) 

MULA S 

When the distant telephone is disconnected, the circuit resistance 
=5x+R+5x=10x+R 

According to question, 10x-+R=160 .... ii) 


Sb UE 2 R(4O0— 103) 
ase Nin ot Ue eee 
Subtracting eqn. (i) from eqn (ii) we get R—400—10x-R : 


According to the question, 10x+ 


or, R3—30(400— 10x-+R)=30(400— 160+2R) [from eqn. (ii)] 
=30(240+-2R) 
or, R:—60R—30x240—0 oF R=120 ohms. 
Putting this value of R in eqn (ii), x=4 miles. 


Example 11; Calculate the steady state current in the 2 ohm resistor 
shown in the fig. 2.16. The internal resistance of the battery is negligible and the 
capacitance of the condenser C is 0°2 microfarad. U.LT 1982] 


‘Ans, In d.c. circuit, a capacitor has no effect at the steady state. It has 
some effect only at the start and at the termina- 
tion of the current. So, at the steady state no 2.0. 
current flows through the condenser branch. 
Now, the equivalent resistance of 22 and 


; 2391-6 3a 
3Q in allel- 7 = 2—1:2 ohm. 

in parallel-4— ; o 
So, total circuit resistance—1:24-2:8—4 ohm. 4a, 


Circuit curren’ =$=1°5 amp. Now, from 
the principle of shunt, the current through V=6volis 2'82 


2 ohm Sastre 951752409 amp. Fig, 2.16, 
243 


OHM'S LAW AND RESISTANCE 355 


Exercises 


Essay type : 

1. Explain the practical units of electric current, potential difference and resistance, 
State Ohm's law. 

2. What is equivalent resistance ? Find the equivalent resistance of two resistors /, 
and re connected in parallel. 


3. How will you join two resistors (i) in series and (ii) in parallel? Find the equivalent 
resistance in each case. 

4. What is a shunt ? Why is it used ? What is the current passing through a shunted 
galvanometer ? 


5, What is a mixed combination of cells ? Under what condition does a mixed 
combination of cells send maximum current through àn external resistor ? 


Short answer type : 
6. The terminal p.d. of a wire of length / and diameter dis V. How will the drift velocity 
of electrons be modified if (i) V is doubled (ii) / is doubled (iii) d is doubled ? 
7. State Ohm's law and explain how the definition of resistance comes from the law. 
[H.S. Exam. 1978} 
8. Does the relation V=iR apply to non-ohmic resistors ? 
9, What is the difference between the e.m.f. and p.d. of a cell? Explain why the poten- 
tial difference between the terminals of a battery is not always the same as its e.m.f. ? 
10. The voltage applied to a rheostat is doubled and then trebled. What happens to the 
resistance of the rheostat ? 
[Hints : No change if the temperature is constant.] 
11. What will be the effect on the resistance of a wire if (i) the diameter is doubled (ii) the 
wire is folded back on itself so that the length is halved and the two halves are in parallel ? 
(Hints: (i) one fourth (ii) one fourth]. 
12. Upon what factors does the resistance of a conductor depend ? What is specific 
resistance ? What is its unit ? [H. S. Exam. 1982] 
13. What is temperature coefficient of resistance ? Why is the temperature cocffcient 
of resistance of metallic substances considered positive while that of carbon nc gative ? 


14. What is lost volt? What is its relation with the internal resistance of a cell ? 
15. What are the advantages and disadvantages of serics and parallel connections of cells ? 
16. In connection with parallel combination of resistors, answer the following questions : 
(i) Isthe p.d. across each resistor same 1 
(i) Isthe total current equal to the sum of the currents passing through individual resistors ? 
(iii) 1s individual current inversely proportional to individual resistor ? 
(iv) Is the equivalent resistance less than the least individual resistance ? 
(v) Is the reciprocal of the equivalent resistance equal to the sum of the reciprocals 
of individual resistances 1 
17. In connection with the series combination of cells, answer the following questions : 
(i) When is this combination helpful in obtaining a large p.d. ? 
(i) Does the internal resistance of the battery become greater than that of any individual 
' cell ? 
(iii) Is the combination helpful when the external resistor is less than the interna! resistance 
of the battery ? 
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18. Is it possible for two cells of e.m.f. e, and e; and internal resistances r, and rs respec- 
tively to produce a weaker current through an external resistance R connected in series than 
one of the cells by itself connected to the same resistance ? 

[Hints : If es/e—r;/(ry- R)] 

19. What are the definitions of (i) international ampere (ii) international volt and 
(iii) international ohm ? 

20. What effect does pressure produce on the resistance of a substance ? 

21. In a power transmission line, the p.d. at the receiving end is always less than that at 
the generating end. Why ? 


Objective type : 
(i) If at any part of a circuit, electrical energy is converted into other forms of energy, 
we say that (i) a p.d. (ii) an e. m.f. (iii) a lost volt exists in that part. Which is correct ? 
(ii) An increase in the cross-sectional area of a resistor (i) increases (ii) decreases (iii) makes 
no difference in the resistance of the resistor. Which is correct ? 
(iii) A reduction in the shunt resistance of a galvanometer (i) reduces (ii) increases (iii) makes 
no difference in the current flowing through the galvanometer. Which is correct ? 


(iv) If the external resistance is greater than the total internal resistance of the battery, 
a series combination of cells gives (i) increased current (ii) reduced current (iii) same current 


i through the external resistance. Which is correct ? 
(vy) One micro-volt is equal to (i) 10° volt (ii) 10-* volt 
zs 502 (iii) 10 volt. Which is correct ? 
$0n. (vi) In some substances, resistance is found to (i) increase 
(ii) decrease (iii) remain same when light falls on it. Which is 
correct ? 
500 (vii) The current i in the circuit shown in fig. 2.17 is 
4 (i) amp (ii) i,mp (ii) ys amp (iv) amp. Which is 
Fig. 2.17 correct ? HU. I. T. 1984) 
Numerical Problems : 


23. A current of 5 amp flows through a conductor of resistance 10 ohms for 4 minutes. 
How many (i) coulombs and (ii) electrons pass through any cross-section of the conductor in 
that time ? e=1:6™ 107" coulomb. [Ans. (i) 1200 (ii) 7:5: 10%] 

24. A cell of e.m.f. 1:1 volt and internal resistance 1 ohm is connected to the ends of two 
wires AB and BC joined in series. The positive terminal of the cell is connected to the end A. 
If the resistance of AB is 4 ohms and that of BC 6 ohms, calculate the p.d. in the following cases 
(i) between A and B (ii) between Band C. (iii) between A and C. [Ans. 0*4 :0*6 volt ; 1 volt] 


25. A cell of e.m.f. 1:5 volts and interna! resistance 2 ohms is connected to two resistances 
joined in parallel. If the resistance of the wires are 4 ohms and 10 ohms, calculate the current 
in each wire. [Arts. 0:22 amp ; -088 amp] 


26. A copper wire 100 cm long and of diameter 1 mm is connected in series with another 
thinner copper wire of length 400 cm. When a certain current passes through them, the terminal 
p.d. of the two wires are 4 volts and 100 volts respectively. Calculate the diameter of the thinner 
wire. [H. S. Exam. 1983] [Ans. 0:4 mm] 

27. A battery of e.m.f. 4 volts when connected to a resistance of 9 ohms is found to have 
a terminal potential difference of 3 volts. Find the internal resistance of the battery. 

[Ans. 3 ohms] 


28. Find the resistance of a battery which on open circuit gives an e.m.f. of 6 volts and ` 


which, when producing a current of 2 amp., has a p.d. of 4 volts between its poles. 
[Ans. 1 ohm] 
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29. A battery of e.ni.f. 6:8 volts and 0*8 ohm internal résistance sends a current of 0'4 amp. 
through a wire. Calculate the resistance of the wire, its terminal potential difference and internal 
fall of potential of the battery. [Ans. 16:2 ohms ; 6:48 volts ; 0:32 volt] 

30. Two coils have an equivalent resistance of 12 ohms when connected in series and 
4 ohm when connected in parallel. What is the resistances of each coil ? 

[Ans. 10 ohms ; 2 ohms] 

31. The length of a wire of 60 ohm resistances is stretched to three times the original length. 
If its density and sp. resistance remain unaltered, what will be its present resistance ? 

à [Ans. 540 ohms] 

32. It the specific resistance of platinum: at 0°C is 8°96 10-* chm-cm and its temperature 

coefficient 32 x 10-4/°C, find the length of a wire of diameter 00274 cm which has a resistance 


of 4 ohms at 50°C. [Ans. 0165 cm] 
33. Compare the resistance of a wire | metre long and 0-01 cm? cross-section with that 
of a one centimetre cube of the same material. [Ans. 10!] 


34. Tke specific resistance of copper is 1:76 10-* ohm-cm. The 1adius of a copper 
witeis] mm. Calculate the length of a telegraph wire needed fo1 having a rezistance of 17°6 ohms. 
[Ans. 3°14 km] 


35. If a copper wire is stretched to make it 0:197 longe:, find tle peicentage change in 
its resistance. LI. I. T. 1978] [Ans. 0:27] 


36. (i)Five electric lamps are connected in parallel. What is the equivalent resistance 
of the combination, if the lamp has resistance 250 ohms each ? [Ans. 50 ohms] 

(ii) Show that if a identical wires are joined in series the combined resictance is n? times 
as great as when they are joined in parallel. 

37. A p.d. of 2 milli-volts is applied aoross a wire 100 cm. long and 2 sq. mm. is cross- 
section. A current of 0:2 amp. flows through it. What is the specific resistance of the material 
of the wire ? [Ans. 2x10 ohm. cm.] 


38. Two wires of resistance 10 ohms and 15 ohms are joined in series and three such sets 
are joined in parallel. What will be the resistance of the whole combination ? [Ans. 8:33 ohms] 


39. Two resistors of 300 ohm and 400 ohm are connected in series and the combination 
is then joined to a source of 60 volt potential difference. A voltmeter connected across 400 ohm 
resistor gives a reading of 30 volt. What reading will it give when connected across 300 ohm 
resistor ? [Ans. 22:5 volts] 

40. A battery of 12 volts e.m.f. is connected to a grouP of three resistances joined in series. 
One resistance is unknown and the others are 3 ohms and 1 ohm. A voltmeter connected across 
the 3 ohm resistance reads 6 volts. Determine the the value of the unknown resistance. 


{Ans. 2 ohms] 
41. You have several 1000 ohm resistors but you want one of 240 ohms. How would 
you obtain it ? . [Ans. By connecting 4 given resistors in parallel] 


42. A galvanometer of 250 ohms resistance, a cell of e.m.f. 1-4 volts and internal resistance 
2 ohms and a resistance of 70 ohms are joined in series. Find the current through the galvano- 
meter. If the galvonometer is now shunted by a resistance of 10 ohms, what will be the current 
through the galvanometer ? [Ans. 435x107? amp ; 66x 107! amp.] 


43. A galvanometer of 20 ohms resistance is shunted by a resistance of5 ohms. Find the 
current which flows through the galvanometer when à battery of 20 volts e.m.f. and a resistance 


of 10 ohms is connected in series with it. [Ans. 0:28 amp. (nearly)] 
44. What shunt must be used with a galvanometer of resistance 20 ohms so that 1% of 
the main current passes through the galvanometer ? [Ans. 0:202 ohm] 


45. How would you connect two identical cells so as to have (a) double voltage (b) same 
voltage as any of them (c) no voltage ? How are the internal resistances of the combination 
related to that of single cell in three cases ? 
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46. 5 cells, each of e.m.f. 2 volts and internal resistance 0-03 ohm are joined respectively 
(i) in series and (ii) in parallel. The combination is connected to a wire of resistance 19°85 ohms. 
Find the current flowing the wire in each case. [Ans. (i) 0-5 emp. (ii) 0-101 amp.] 


47. A cell of e.m.f. 1:4 volt and internal resistance 2 ohms is connected with a 100 ohm 
resistor and an ammeter whose resistance is 4/3 ohm. A voltmeter is also joined across the 
100 ohm resistor to read its potential difference. If the ammeter reads 0:02 amp, what will 
bethe resistance of the voltmeter ? If the voltmeter reads 1-1 volt, what is the error in the 
reading ? (LT. 1975] [Ans. 200 ohms ; —0:23 volt] 

48. You are given 48 cells each of which has an internal resistance of 2 ohms. How will 
you arrange them in order to obtain maximum current in an external resistor of 6 ohms ? 

[Ans. 4rows each containing 12 cells in series] 

49. Wires of resistances 1, 2 and 3 ohms are connected in Series across a Laclanche's cell 
of e.m.f. 1*5 volts and internal resistance 3 ohms. Calculate the p.d. across each of the wires and 
also the drop of potential inside the cell. [Ans. 0:166, 0°33 ; 0-5 ; 0-5 volt] 

50. Wires of resistances 1, 2, and 3 ohms are connected in parallel. If the current through 
the first wire is 0*1 amp, what will be the currents through the other wires ? What is the total 
current ? [Ans. 0:05 amp ; 0:03 amp ; 0:18 amp] 

51. Two iesistors of resistances 20 and 25 ohms are connected in parallel. To Lis combi- 
naticn is connected in series a resistor of 15 ohms and a battery of e.m.f. 5:4 volts ard. irtei nal- 
resistance g ohm. Determine the current in each resistor and the p.d. acioss cach resistor, 

[H. S. Exam. 1985] 11 amp, *089 amp, 0:15 amp, zy :3V] 

52. How many cells each having an e.m.f. of 1*8 volts and internal resistance of 0-07 ohm 
will be required to send a current of 10 amp through a resistance of 2:2 ohms ? [Ans. 20] 

53. If a calling bell is worked with a pair of cells in series, each of e.m.f.=1°5 voltsand 
internal resistance 1:8 ohms, find the resistance of the coil, the current in it being 0:5 amp. 

[Ans. 2:4 ohms] 

54. Two copper wires, whose lengths are in the ratio 1 :2 are of the same resistance, 
Compare the diameters of the wires. [Ans. 1:472] 

55. A uniform wire, 4 metres long and of resistance 6 ohms/metre is bent into the form of 
a square ABCD. The adjacent Corners A and B are connected to a battery of e.m.f. 3 volts and 
internal resistance 4 ohms. Find the current along AB. [Ans. 0:264 amp.] 


56. In an electrification Scheme, the dynamo is of negligible resistance but the resistance 
of the leading wires is one ohm per mile. If the voltage of the power house is 220 volts D.C, 
what voltage will be available at a Station 20 miles off, when a current of 2 amp is drawn from the 
leads? What can be the maximum strength of the current available there ? 


ohms when it is in conjunction with a Leclanche's cell of e.m.f. 1:5 volts and resistance 0-5 ohm. 
When the Leclanche's cell is in opposition, the current is 0-175 amp. Find the e.m.f. and the 
internal resistance of the batter: y [Ans. 5 volts ; 0] 

58. The ratios of lengths, diameters and Sp. resistances of two wires are, each 1:2. If the 
resistance of the thinner wire is 10 ohms, what is the resistance of the other ? [Ans. 10 ohms] 


Harder Problems : 
Pici dotis E 

59. A current of 1 amp flows through a copper wire. Determine the number ot electrons 
that pass across any section of the wire in one second. Charge of an electron — 1:6 x 10-1» coulomb 
i (Jt. Entrance 1973] [Ans. 625x 1015] 
60. The resistance of a copper wire of 1/12 inch diameter is 8 ohms per mile. What is 

the resistance of a copper wire whose length is 2 miles and diameter is 1/20 inch ? 
[Ans. 444 ohms] 


o ——MÀ ——— — 
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61. A copper wire 4nd an iron wire of same length have the same p.d. applied to them. 
What must be the ratio cf their radii if the current is to be the same ? [Ans. (pcv/pre)l] 
62. A resistance is made by joining two wires of the same material. The radii of the two 
wires are 1 mm and 3 mm respectively while their lengths are 3 cm and 5 cm respectively. A 
battery of e.m.f. 16 volts and negligible internal resistance is connected across the resistance. 
What is the p.d. across the shorter wire 1 [LLT. 1970) [Ans. 1375 volts] 
63. Two resistors, when connected in series, have an equivalent resistance of 20 ohms but 
when connected in parallel, have an equivalent resistance of 4:8 ohms. Find the value of cach 
resistor. [Ans. 12 ohms and 8 ohms] 
64. A triangle ABC is formed by three resistors. The resistance of AB is 40 ohms, of BC 

is 60 ohms and of CA is 100 ohms. Find the equivalent resistance between AandB. 
(LLT. 1975] [Ans. 32 ohms] 
65. A letter A is constructed of a uniform wire of resistance 10 ohm/cm. The sides of the 
letter are 20 cm long and the cross piece in the middle is 10 cm 
long while the apex angle is 60°. Find the .esistance of the 
letter between the two ends cf the legs. [Ans. 26:67 ohms} 
66. Each of the resistance in the fig 2.18 is R. Find the 
resistance between A and B. ULT 1978] (Ans. &R] 
67. Twe cells, each of e.m.f. 4 volt but of internal resist- 
arces 3 and 2 ohms 1erpectively are connected in series though 
an external 1esi.tance R. Find the value cf R for which tke 
first cell will have zero p.d. ac.oss it, [Ans. 1 ohm} 


Fig. 2.18 


68. A current of 5 amp. is divided into three branches forming a parallel combination. 

The lengths of the wires in the three branches are in the ratio 2 :3 :4 ; their diameters are in the 

ratio3 :4 :5. Find the currents in each branch if the wires are of same material. — [I.I.T. 1975] 

n [Ans. First wire= 1:399 amp ; 2nd wire--1:658 amp 

By a and third wire=1:943 amp] 

69. In the circuit shown in fig. 2.19, the cells E, 

and E, have e.m.f.'s 4 volts and 8 volts and internal 

resistances 0-5 Qand 1 Q respectively. Calculate the 
current in each resistor and the p.d. across each cell. 

ULT. 1973] 


[Ans. 0:5 amp in 4:5 Q resistor, 0:83 amp in3Q 
Fig. 2.19 resistor, 0:166 amp in 6 ohm resistor; £,=4°25 volt ; 
E,—7:5 volt] 44 


70. A 36 volt battery is connected to the circuit 
shown in fig 2:20. Calculate the current thiovgh (i) 2 ohm 
resistance and (ii) 40 ohm resistance. The internal resis- 
tance cf the battery is 1 ohm. [Ans. (i) 2 amp (ii) 0°6 amp] 

Ti. A cell of e.m.f. 2'4 volt and 0:2 ohm internal 
resistance is joined in series with a combined resistance 
of three wires connected in parallel, If the wires have 
resistances 2, 3 and 6 ohms respectively, find the current 
in each wire. — [Ans. 1 amp; 0:66 amp ; 0:33 amp] 

72. The highest current that may be sent through à 
galvanometer of resistance 20 ohms is 1 milliampere. Ifa 
current of 0:2 amp is about to pass through instrument, Fig. 2.20 
what shunt will have to be used in order that the instrument may not be damaged ? 

Ut. Entrance 1973} (Ans. 0-1 ohm] 


24.0, 


360 


A TEXT BOOK OF PHYSICS 


73. The terminals of a galvanometer are connected by a wire which has the same resistance 
as the galvanometer and the lead from the battery is connected to one end of this wire. Find 
the point on the wire at which the other lead of the battery has to be connected so that exactly 
one-tenth of the current supplied by the battery will travese the galvanometer. 


(Jt. Entrance 1981] [Ans. à] 


74. A galvanometer together with an unknown resistance in series is connected across 


Fig. 2.21 
across 5 ohm resistor. 


two indentical batteries each of 1:5 volts. When the batteries are con- 
nected in series, the galvanometer records a current of 1 amp and when 
the batteries are connected in parallel, the current is 0*6 amp. What is 
the internal resistance of the battery ? ULT. 1973][Ans. johm] 


75. A potential difference of 220 volts is maintained across a 
12,000 ohm rheostat AB (Fig. 2:21). The voltmeter V has a resistance 
of 6000 ohms and a point C is at jth the distance from A to B. What 
is the reading in the voltmeter ? U.I.T. 1977] [Ans 0 volt] 


76. Three resistors of value 2 ohm, 3 ohm and 4 ohm form the 
three sides AB, BC and CA respectively of a triangle ABC. The 
positive pole of a battery is connected to the point B through a resistor 
of 5 ohms and the negative pole to the point C. The e.m.f. of the 
battery is 4 volt and the internal resistance is | ohm. Find the p.v. 

[Ans. 2:5 volt] 


VE sms 


3.1. Measurement of ordinary resistances : 


ELECTRICAL MEASUREMENTS 


The simplest method of determining a resistance is to connect it in 
series with an ammeter A and a suitable source 
of emf. A voltmeter V is connected across the 
resistance R (Fig. 3.1). If the readings of A and 


: V 
Vare/amp and and V volts respectively, I) ^ A 


Fig. 3.1 
Rer ohms. ii 


Accuracy is limited because à fraction of the current 7 flows through the voltmeter p 
This current is negligible if Rv>>R where Rv is the resistance of the 
voltmeter, Some rough idea of the value of R is thus obtained. The method is 
suitable for approximate values, provided meters of suitable ranges are available. 

Accurate measurement of ordinary resistance is, however, based on the 
principle of Wheatstone bridge, first devised by Charles Wheatstone in 1843. Prac- 
tical applications of this principle are found in meter bridge and P.O. Box, with 
which ordinary resistances are usually measured. 

Principle of Wheatstone bridge : A Wheatstone bridge is a combination 
of four resistors P, Q, R and X connected in a manner so as to form the four arms 
AD, DC, AB and BC respectively of a bridge or network (Fig. 3.2). A galavano- 
meter G is connected across DB i.e., across the 
junctions of the resistors P, Q and the resistors 
R, X. Similarly, a battery E (as a matter of fact, a 
single cell) is joined across AC ie, across the 
junctions of resistors P, R and the resistors Q, X. 
The main current from the battery entering the 
network at A divides up and flows through different 
resistors of the network. If the resistances of 
the resistors are so that the point D is at a higher 
potential than the point B, then a current will 

Fig. 3.2 pass through the galvanometer from D to B 
producting a deflection in the galvanometer in 

one direction. If on the other hand, the point B is at a higher potential 
than the point D, curent will flow in the galvanometer branch in the opposite 
direction and the galvanometer will show an opposite deflection. But if the resis- 
tances are so adjusted that the potentials at B and D are equal then no current 
flows along this branch and the galvanometer will show no deflection. This 
is known as null condition. It may be proved in the following way that for a null 


PIR 
condition of the galvanometer, oY 
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Proof : Suppose the main current entering the network at 4 divides up 
into i, through P and i, through R. If no current flows through the galvanometer 
ie. at null condition, the current through Q and X must also be equal to i, and 
i, respectively. Now from ohm’s law, we get, 


Fr et CO Vp— Vc Bis Va— Vp 
y ex B audios. Q © Q Vp-Vc 
Again Fe Los Ve Vg— Vc rh Res Va— Vs 
R X X Vs—Vc 
But at null condition, Va-- Vp am R 
On xX 


Now, knowing the values of P, Q and R, the resistance of X may be found 
out. 

Example : Applying Wheatstone bridge principle to the circuit shown in 
fig. 3.3 (a), find the equivalent resistance between the points A and B. 

Ans, The circuit shown in fig 3.3(a) when simplified takes the form of 
Wheatstone bridge as shown in the adjoining figure 3.3(6). Now, from the figure, 

AC 10 AD 
hat — — —-— —. So, tlie resi IS CB, 

we see that CB 10 DB So, the resistances along the branches AC, CB, AD 


and BD balance each other and no current flows through the resistance CD. Thus, 


ion 
a a 
A 100 fon D [» 
fon 


@ 


Fig. 3.3 


between A and B, the resistances AC and CBremaining in series, give a total resis- 
tance =10-++-10=20 ohms on one side and AD and BD also in seris, give a total 
resistance=10+10=20 ohms on the other side. These resistances being in 
in parallel, the equivalent resistance R between A and B, is obtained from the 


: zi A or R=10 ohms. 


relation, k 39^ 10 


R 20 

3.2. Metre bridge : 

It consists of three thick copper strips AE, FM and NC of negligible 
resistance mounted on a wooden board (Fig. 3.4). These copper strips 
are provided with screw terminals and form two gaps EF and MN between them 
for the insertion of a resistance box R and an unknown resistance X. A 
straight wire AC, one metre long, of uniform cross-section is stretched alongside 
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a metre scale fixed on the same wooden board. The two ends of the wire are 
soldered to two copper strips at A and C. A brass jockey B can slide parallel to 
the length of the wire and can make contact at any point with the wire. The 
jockey terminal is connected to one of the terminals of a sensitive galvanometer 


Fig. 3.4 


G, the other terminal of the galvanometer being connected to the point D. The 
instrument as a whole is the practical form of the theoretical Wheatstone bridge 
circuit shown in fig. 3.2 and the points A, B etc of the fig. 3.2 correspond to the 
same points A, B etc. of the fig. 3.4. ` 

The jockey B is then moved along the wire AC, right and left, and contact 
is made at various points along the wire, until a point is found for which the gal- 
vanometer gives no deflection, The two lengths /, and /, of the bridge wire 
AB and BC are measured from the metre scale. At null condition, we 


oi pak 
know, Q X 
If c be the resistance/unit length of the bridge wire AC, then the resistance 
of the length 4B—P-—hc and that of the length BC=Q=/,0. 


EXT 
Q h 
Revs la 100-4 
Z=- or, X=R. -=RXx—— 
Hence, Y i, FF 


The experiment is to be repeated by taking different resistances from the 
resistance box and the mean value of X is to be found out therefrom. 
[N.B. By this method, the specific resistance of the material of a wire can be easily found 


out; for, measuring the diameter ‘d’ of the wire by a screw-gauge and length / by a metre 
scale, the specific resistance p can be found out from the relation, 


md? 
aie z] 
Accuracy of measurement : The accuracy depends on /, and /, and the 
certainty of the balance point. The latter depends on (i) the sensitivity of the 
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galvanometer and (ii) the width ofthe contact B. The distance moved on either 
side of a balance point before the galvanometer detects a current, is a minimum 
when its resistance is approximately the same as P, Q, R and S i.e., the galvano- 
meter is most sensitive when all the resistances are equal. By using a knife-edge 
type of contact, (ii) becomes unimportant. 

The error due to the length /, and /, is minimised if the balance point is near 
the centre of the wire. 


Sources of error in the experiment : 


The following are the sources of error in the experiment : 

(i) The bridge wire may not be uniform. To avoid error due to this 
reason, the bridge wire is previously calibrated so that the ratio of the lengths 
of the wire on both sides of the null point may be known accurately. 

(ii) The actual length of the wire corresponding to the null point may 
be slightly different from the length shown by the metre scale. To eliminate the 
consequent error, readings should be taken by inter-changing the positions of 
X and R. y 

(iii) Due to flow of current through the bridge wire as also through vari- 
ous junctions of the bridge, heat may be produced which alters the position of 
the null point. For this reason, readings should be taken by reversing the direc- 
tion of the current. Further, a tap key should be included in the battery circuit 
and current should be allowed to flow as long as it is necessary. 


(iv) End correction : In the description of the metre bridge, it has been 
said that the copper strips have negligible resistance. But however thick they 
may be, they have some resistance. Further the soldering of the bridge wire at 
A and C also introduces some resistance. Moreover, the wire may not be exactly 
one metre long. For all these reasons, some extra resistances are supposed to 
be introduced at the left and the right ends of the bridge wire. If these resistances 
are not taken into consideration, the results may be inaccurate. This error is 
‘End error’. Usually, this end resistances are expressed in terms of the lengths 
of the bridge wire. They can be found out in the following way. Connect. 
two known resistors P and Q in the two gaps viz, EF and MN respectively. Let 
the end corrections at the left and at the right ends be x cm. and y cm. respectively. 
If the length of the null point be /,, then, A 


Pons deum 3 
onar AO 
Interchanging P and Q, if the length of the new null point be /s, then, 
Q lx y. 
i (100—143 in & (il) 


From equations (i) and (ii), x and y can be found out and these values may 
be used in subsequent experiments. ' 


(For details, See ‘Practical Physics’ by the Author) 


Example 1 : 7f any one of the resistances A and B is connected to the gap of 
a metre-bridge nearer to the zero mark of the scale and a fixed resistance to the 
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other gap, null point is obtained at 4 cm. mark of the scale. Where will the null 
point be obtained if under the same condition (i) the resistances A and B are joined 
in series and (ii) joined in parallel ? 

Ans. Since any of the resistances A and B when connected to the gap, 
gives null point at the same position, itis clear that the resistances are of equal 
value. If this value be P and the fixed resistance be Q, then 


-== 5... (| 
Q 6 3 H 
(i) When A and B are joined in series the total resistance —2P. If the null 
m d : 2p Toy» a 
point is at a distance x cm., then Q^ 1004 * "Pam c 
Dividing (i) by (ii) we get "X9 or x—57:14 cm. 
(ii) When A and B are joined in parallel, the total resistance—4P. If the 
: ur y =e 
int i , hen — = ———— .. 
null point is at a distance y cm then 20^ G00=) (iii) 
3(100— 
Dividing (i) by (iii), we get, 2= - or y=25 cm. 


Example 2: An aluminium wire of resistance 7-3 ohms at 30°C is placed in 
the left gap of a metre bridge and the balance is obtained at 42:6 cm from the left end 
of the bridge wire. If the temperature of the aluminium wire be increased to 100°C 
without changing anything else, by how much will the balance point shift? The 
temperature coefficient of resistance of aluminium —3:8 x 10-3/^C $a 
[Jt. Entrance 1983] 

Ans. The resistance of the aluminium wire will increase due to rise of 
temperature. We know R=R,(1-}-«.t.). Hence, 73—R(1--3:8» 1075»: 30) and 
Rio = Ro(1--3:8 x 1075 X 100). 


Ryo 1438x10-x100 138... 73x18 |. 


mic 1) HONO M Dodo ds ci Tav x s caca Re nA oet 

So 23  1138x103x30 1114 199 FENA 
: ^ ; zh P ' 
From the principle of metre bridge, we get, TE 100—476 where P is 


J ; 4 73x 57-4 
the resistance in the right gap. ~. P= a Tae 


If x be the distance of the new null point from the left end of the bridge, then, 


Le al Ol acti feo 73x 57-4 fee ok a 
L114xx  100—x  42:6(100— x) 


So, the shift of null-point —47:9 — 42:6—5:3 cm. 


3.3. Post office box : 
This instrument is also a practical form of Wheatstone bridge principle. 
It is called Post office box because it was originally used by the Postal 
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department for the measurement of the resistance of telegraph cables, etc. ^ 
section of a P. O. box has been shown in fig. 3.5. The first line of the bo 


.1000 100 10 =} 10 100 1000 
EZSEESES 
1 2% 3 5 110 20 20 5» 


g | off 
‘ K 


D 


5000 2000 2000 1000 {500 200 200 100° 
K NI 


Fig. 3.5 


CA is divided into two parts—CB and BA—each consisting of three resistance 
coils 10, 100 and 1000 ohms, These two parts act as the resistors P and Q of the 
Wheatstone bridge and are known as ratio arms. The third arm R of the 
Wheatstone bridge, extends in this instrument, 
from A to D and it consists of different 
resistance coils of values ranging between 1 to 5000 
ohms connected in series. When the plug of 
any coil is taken out, its resistance will be in- 
C cluded in the circuit. As a matter of fact, null 
condition in the galvanometer is produced by 
adjusting the resistance in this arm. The un- 
u^ known resistor S is connected between the points 
Thousands Dand C. A galvanometer G is inserted between 
the points B and D through a tap key K, and 
Fig. 3.5(a) a battery E between the points A and C through 
another tap key K,. That the instrument is a. practical form of Wheatstone 
bridge will be clear from fig. 3.5(a). 


Use of the instrument : The use of the instrument will be clear if we take 
a specific example, Suppose, a resistor of 5:36 ohms resistance is givento us. We 
can find its value with the help of the P. O. box in the following way. 

(i) Connect the resistor under test across DC. Take out 10 ohm plug 
from each of the ratio arms P and Q. Now, taking out 1 ohm plug from the third 
arm R, first press the battery-key K, and then the galvanometer key K. Note the 

lirection of deflection in the galvanometer. Go on putting resistances of gradually 
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high denominations in the third arm R until for two consecutive resistances, having 
difference of 1 ohm, thedirections of deflections of the galvenometer needle are 
opposite, For the above mentioned resistor, the deflections will be opposite for 
5 ohms and 6 ohms. This shows that the unknown resistor has resistance 
lying between 5 and 6 ohms. 

(ii) Now make the ratio of P and Q 10:1 by taking out 100 ohm plug from 
the arm P and 10 ohm plug from Q. It will be seen that when 53-ohm resistance 
is put in the third arm R, the deflection in the galvanometer is opposite to the 
deflection when 54-ohm resistance is put in it. This shows that the unknown 
resistor has resistance lying between 5:3 and 5:4 ohms. 

(iii) Now take out 1000 ohm plug from the arm P and keep 10 ohm plug 
in Q as before i.e., the ratio is now 100:1. Following the procedure described 
before, it will be seen that almost no deflection is produced in the galvanometer 
when a resistance of 536 ohms is put in the third arm R. In the circumstances, 
we get from Wheatstone bridge principle, 

PAR 1000 536 . 536 . 
Q s or a SL $i 36 ohms. 

Example : Four resistors P, Q, R and S form the four arms of a P. O. Box. 
Their resistances are 2, 2, 2 and 3 ohms respectively. What resistance joined in 
parallel with S gives a null point in the P. O. Box ? 


Ans. Let x ohm be the required resistance. The equivalant resistance 
of x ohm and S joined in parallel is (dad om 3x From the principle 


R | 2 29843) 
S Be 
or 3x=6+2x or x=6 ohms. 


of P. O. box. we have, 2" 


3,4. Potentiometer : 


Description : The potentiometer is a piece of apparatus used for comparing 
potential differences. It consists of ten pieces of wire of uniform cross-section, 


E ERES ES 


Fig. 3.6 
each one metre long and joined in series by thick copper strips at their ends. The 
wires run parallel to each other and lie on a milk-white glass plate mounted on a 
wooden board (fig. 3.6). The two ends of the wire are connected to two terminal 
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screws A and B. The wire is so selected that its material has low temperature 
coefficient of resistance. Generally manganin or constantan wire is used. A 
triangular brass jockey slides along a graduated metre scale and during such motion, 
one of its legs (L) keeps contact with a brass strip R—R. One end of a galvanometer 
is connected to the binding screw provided with the brass strip. By pressing a 
central key T, the central leg of the jockey may be brought in contact with any wire. 
Principle of action : Suppose AB is the potentiometer wire (fig. 3.7. A 
battery E of constant e.m.f. drives a steady curr- 


E " ent through the wire. Suppose, the resistance 
+ eas ee per unit length of the wire—9 and the current 
flowing through the wire=i amp. In this case, 
A D B the terminal p.d. of the wire—1000 x cx; [the 
sania | RCM Ki. resistance of the wire AB=1000 x c] i 
The terminal p.d. of the portion AD of 
Fig. 3.7 the wire—-/x xi 
The terminal p.d. of the wire AB —  1000xcox; — 1000 
F » ^ »  » portion AD — Ixexi o T 


the terminal p.d. of the poftion AD 


= € the terminal p.d. of the wire AB 


So, we see that when a steady current flows through the potentiometer wire, 
the p.d. across any length of the wire is proportional to its length. This is the 
principle of action of a potentiometer. 


3.5. Uses of potentiometer : 


(a) Comparision of e.m.f's of two cells : Suppose e.m.f’s of two cells £ 
and E, are to be compared. A battery E (whose e.m.f. should be greater than 
the e.m.f. of either cells to be compared), a E 
rheostat Rn, a plug key K are connected in 
series with the potentiometer wire AB (fig. 3.8). 
The cells E, and E, may be brought in contact 
with the potentiometer wire through a sensitive 
centre-zero galvanometer with the help of a two- 


way key K,. Suppose when the cell E, is i pe B 
included in the circuit, the distance of the null EX 7 0 
point from the end A of the wire=/, cm. + ih — 

Here we may write E,=hsi [o=resistance/ E Rh OK 
unit length of the wire and ;—steady current in Fig. 3.8 
the wire.] 


Similarly, when the cell E, is included in the circuit, suppose, the distance 
of the null point—/, cm. Here, E,—/..ci. 


Dividing, (Sos pats 
ividing, we ge E 
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By changing the circuit resistance by the rheostat Aj several observations 
may be taken and the mean value of the ratio can be found out 
therefrom. 


If one of the two cells compared be a standard cell of known e.m.f. the 
e.m.f. of the other cell may be determined. 


(b) Measurement of e.m.f. of a cell : 


Suppose, the e.m.f., of the cell E, is to be measured. A battery E whose 
e.m.f. is greater than that of the cell F,, amilli-ammeter 
(M.A.), arheostat Rp anda plug key Kare connected in 
series with the potentiometer wire AB. G is a sen- 
sitive galvanometer (fig. 3.9) 


Send a steady current through the wire AB by 
putting a plug in the plug key K. Next find the position 
of the null point by sliding the jockey along the wire. Let 
Jom be the length of the null point. Tt is clear that, 
E,--terminal p.d. of the length / cm. $ E Rh K 


+ 


hee x terminal p.d. of the wire AB. 


Now, if the current flowing through the wire AB be i amp. (shown by the 
milli-ammeter) and the resistance of the wire AB be r, then the terminal p.d. 


across AB-—i.r. .. Baie volt. i | 

It is to be noted that the current shown by the milli-ammeter is to be con- 
verted into ampere. By changing the resistance of the circuit by the rheostat, 
several observations may be taken and from that the mean value of the current 
can be evaluated. 

Accuracy of potentiometer : No current flows through the cells when a` 
balance point is found so that the instrument measures e.m.f.’s accurately. 
Moving coil voltmeters cannot measure e.m.f. accurately since they take current. 
Electrostatic voltmeters do not pass current but they are insensitive for small 
p.d.’s. For these reasons, à potentiometer is widely used. 

The precision with which the balance point of a potentiometer can be found 
depends on the sensitivity of the galvanometer. It is important to realise that 
accuracy of a potentiometer does not depend on the accuracy of the galvanometer 
but only on its sensitivity. The galvanometer, it may be pointed out, is used not 
to measure a current but merely to show one when the potentiometer is off balance. 
It is said to be used as a null-indicator and the potentiometer method of measure- 
ment, like the bridge methods, is called a null method. 

The current through the potentiometer wire must be steady—it must not 
change appreciably between the successive balance points. To realise this, freshly 
charged or nearly run-down accumulators should be avoided. — Non-uniformity 
of potentiometer wire may also cause some error, 


Ph. I1—24 
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(c) Measurement of current in a circuit : 

The cell E; and a variable resistor R have built up a circuit whose current 
is to be measured. A standard resistor r of very 
low value is included in the circuit as shown in the 
Fig. 3.10. Since the resistor r is of very low value, 
it will not, by its inclusion in the circuit, disturb 
the current flowing in the circuit but it will pro- 
duce a p.d. across its terminals. If p.d. be V, then 


circuit current MZ 


To determine the value of V, the p.d. is to be 
compared with the e.m.f. of a standard cell £E, 
Fig. 3.10 with the help of a potentiometer. For this, 
the circuit arrangement should be made as shown in fig. 3.10. A two-way key 
has been used in this arrangement. . If the plug be inserted in hole no.1, the re- 
sistor r will be brought in the potentiometer circuit through the galvanometer 
G. If instead of hole no. 1, the plug is inserted in the hole no. 2, the cell E; will 
be included in the circuit. 


Suppose when the resistor r is included in the potentiometer circuit, the 
distance of the null point from A=}, cm. 

We can, therefore, write V=/,9./. (J=current in the wire AB). 

Similarly, when the cell E, is included in the circuit, suppose the distance 
of the null point—/, cm. In this case, E =I,.0.7. 

es Vd x Bask 
Dividing, —=2 ©. i=-= = 
" E aT: rly 

All the quantities on the right-hand side of the equation being known, i 
can be calculated. 

It may be pointed out here that for successful performance of the experiment, 
the emf. of the cell (or the battery) E must be greater than the p.d. across the 
the resistance r and the e.m.f. of the standard cell E,. If this is not the case, 
balance point will not be available. 


Example 1: A potentiometer wire 600 cm. long and of 10-ohm resistance is 
connected in serise with a cell of e.m.f. 4 volt and internal resistance 6 ohm. Find 
(i) the current in the wire (ii) the fall of potential per cm of the wire (iii) the balance 
point for a cell of e.m.f. V'S volt. 


Ans. (i) Current in the wires icu —-—0:25 amp. 


(ii) P.D. at the ends of the wire—current x resistance’ of the wire 
—0:25x10—2:5 volts. 


Fall of potential per em. =417x 107? volt. 
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Gii) Suppose the length of the balance point=/ cm. 
rata 
P.D. ac the length=—— x/ 
across the lengt 50 


25xl 1:5x 600 
Hence ——— —1'5 or, [= — TL —360 cm. 
600 2:5 
Example 2: Jn an experiment for measurement of current by potentiometer, 
the standard low resistance used was 0:01 ohm. The drop of potential per centi- 
metre of the potentiometer wire was 13: 10-* volt. The balance point was at 760 
cm of the bridge wire. Calculate the strength of the current flowing through 


the given line. 
Ans. Potential drop per cm of the wire=13 x 107? volt. 
So, p.d. across 760 cm of the wire=13 x 10-*x 760 volt. 
This p.d. is equal to the p.d. across the low resistance. 


r ; M .d. 
Hence, the current in the linsse iu Ea. tus 
low resistance 
13x 10-5 x 760 
=- —0:988 amp. 
0-01 F 
Exercises 
Essay type : 
—— 
1. Write the principle of a metre bridge and explain how two resistors can be compared 
with its help. 
"2, Discuss the principle of Wheatstone bridge in the measurement of resistance with a 
diagram. [H. S. Exam. 1980, '84] 


tre bridge in measuring the resistivity of the material of a wire 1 


3. How would you use a me 
Explain how the resistance of a wire can be found out 


4. Describe a Post Office box. 
with its help ? 

5. How would you proceed to compare e.m. 
the basic principle. 

6. A cell of e.m.f. E volts is used to drive a current through a resistance R ohm. Itis 
desired to measure the potential drop across the wire accurately by means of a potentiometer. 
If the current through the potentiometer wire be driven by means of another identical cell, will 
it be possible to obtain the balance point accurately ? — If not, what would you do to perform 
the experiment successfully ? [Jt. Entrance 1983) 

7. Describe a potentiometer and explain, in detail, the method you would adopt for measur - 
ing the current flowing in a circuit with it. 

8. Explain the procedure for comparing the 


f’s of two cells by a potentiometer. Explain 


c.m.f/s of a Leclanche's cell and a Daniel cell. 


Short answer type : 
9, Willthe Wheatstone bridge principle be modified if (i) the positions. of the battery and 


the galvanometer are interchanged (ii) a galvanometer of high resistance is used ? 
10. Give the wiring diagram of a metre bridge arrangement. [H. S. Exam. 1978) 


11, In determining an unknown resistance by a metre bridge we find out of the balance 
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point (a) by taking direct and reverse currents (6) by interchanging the positions of known and 
unknown resistances. Which errors are we able to remove by those processes ? 
(Jt. Entrance 1978] 

12. What type of cell is used in a potentiometer circuit while measuring an unknown e.m.f. 
or current by a potentiometer ? 

13. Potentiometer can measure e.m.f. more accurately than a moving coil voltmeter or an 
electrostatic voltmeter. Why ? 

14. In the potentiometer measurement, should the galvonometer be very accurate or very 
sensitive ? 


Numerical Problems : 
A 
15. A 10 ohm resistor is connected to the left gap of a metre bridge and a combination of 
10 ohm and 15 ohm in parallel in the other gap. At what point from the left end of the bridge 
wire will the null point be obtained ? [Ans. 62:5 cm.] 
46. A metre bridge is 100 cm long and the standard resistance R, used is 100 ohms. Null 
point is obtained at 4.715 cm away from the end where the unknown resistance A, is fixed. On 
interchanging the positions of R, and Rx, the null point is obtained 52-75 cm from the same end. 
Find Ry. . [Ans. 89:38 ohms] 


17. To one gap of a metrebridge is fixed a 2-ohm resistor and to other gap a 3-ohm 


resistor. What will be the position of the null point ? What resistance should be connected in < 


parallel with 3-ohm resistor in order to get the null-point at the middle of the wire ? 
[Ans. 40 cm away from 2-ohm resistor ; 6 ohms] 
18. Theresistance of a 1000 cm long: potentiometer wire is 20 ohms. A milli-ammeter 
included in the potentiometer circuit shows a current of 100 milli-amperes. Find the position of 
the null point due to a Leclanche's cell of e.m.f. 1:4 volts. [Ans. 700 cm.] 


19. A secondary cell of e.m.f. 2 volt and internal resistance 0-1 ohm is connected to the 
ends of a uniform wire of length 1 metre and resistance 1:5 ohm. A primary cell of e.m.f. 1:5 
volt in series with a galvanometer shows no deflection ; find the distance between the points, 

t [Ans. 80cm.] 


20. A current is passed through an ammeter and a standard coil of resistance 0*1 ohm, 
connected in series and is adjusted until the ammeter reads 5 amp. The p.d. between the ends 
of the standard coil is balanced by the p.d. across 128:8 cm of a potentiometer wire, A standard 
cell of e.m.f. 1018 volt is found to require 254-5 cm of the same potentiometer wire for a balance. 
What is the error in the ammeter reading ? [Ans. 0-152 amp. (less)] 
P.D.acrossstandard coil = V. ,. P.D. across the coil= E < 1:018 volt 
,  standardcell 2545 254:5 
Bee 75152 amp. ~. Error=5:152—5=0:152 amp.] 

21. The e.m.f. of a cell is balanced by the fall of potential along 150 cm. of a potentiometer 
wire. When the cell is shunted by a resistance of 14 ohms the length required is 140 cm. What 
is the internal resistance of the cell ? [Ans. 1 ohm.] 

22. The following data were obtained in an experiment to measure the e.m.f. of a Leclanche's 
cell : the current in the potentiometer—80 milli amp ; resistance of potentiometer wire=20 
ohms ; the length of the null point= 950 cm. Find the e.m.f. of the cell. — [Ans. 1:52 volts] 


[Hints : 


So current — 


Harder Problems : 


23. A wire, bent in the form of a square ABCD, has each arm of length x cm. The resi- 
stance of the wire is r ohm percm. The corners A and C as well as B and D are joined by iden i- 
cal wires of length x cm. Applying the principle of Wheatstone bridge, find the equivalent 
resistance between A and C. [Ans. 4x7] 
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24. P and Q are two fixed resistances, R is a known variable resistance and S is a combina- 
tion of two equal resistances, each of X ohm. At first, the combination is a series combination 
and then a parallel combination. In the first case, they balance each other when the known 
resistance is 27 ohms but when parallel combination is used and P and Q are interchanged, R is 
changed to 3 ohms to restore balance. Find the value of X and also the ratio P/Q. 

[Ans. 9 ohms ; 3/2]: 


25. Four resistances P, Q, R and S were balanced in a metre bridge in the following way : 
(i) P and Q in series in one arm, Rand S in series in the other (ii) P and R in series in onc 
arm, Q and S in series in the other. If /, and /, were the balance lengths in the two cases, show 


100(R — Q) 
that l-h— pror RES 
26. Find the p.d. between the points X and 
Y in Fig. 3.11. [Ans. 0:67V] 


27. A battery of e.m.f. 2 volts and negligible 
resistance is used across the ends of a metre 
bridge whose wire has a diameter of 0-1 cm and 
resistance 1:5 ohms. The metre bridge is used 
to compare two resistances 1 ohm and 2 ohms 
respectively. Calculate (i) the current through the 
battery when the bridge is balanced (ii) resistivity of the bridge wire. 


'[Ans. (i) 2 amp (ii) 11:78: 107? ohm-cm] 
28. A wire of resistance 0*1 ohm/cm is bent in the form of a square ABCD of side 10 cm. 


A similar wire is connected between the corners B and D to form the diagonal BD. Find the 
effective resistance of this combination between the corners Aand C. [I.LT. 1971] (Ans. 1 ohm] 


29. The standard low resistance in a potentiometer circuit is 0-1 ohm, the e.m.f. of the 
standard cellis 1:018 volt, The null point for the standard cell is obtained at 920 cm. while that 
for the standard low resistance is at 46 cm. What is the current through the low resistance ? 

[Jt. Entrance 1978] [Ans. 0:5 amp. (nearly)] 


30. A potentiometer wire of length 100 cm. has a resistance of 10 ohms. It is connected 
in series with a resistance and a cell of e.m.f. 2 volts and of negligible internal resistance. A 
source of c.m.f. 10 millivolts is balanced against a length of 40 cm of the potentiometer wire. 
What is the value of the external resistance ? U.LT. 1976] [Ans. 790 ohms] 


31. A standard cadmium cell of e.m.f. 1:02 volt gives a null point on a potentiometer wire 
at a length 70.4 cm. If a Daniel cell in open circuit is used instead of the cadmium cell, the null 
point is at a distance of 74:5 cm. If a resistance of 10 ohms is now connected with the Daniel 
cell, the null point shifts to 41*3 cm, Find (a) the e.m.f. of Daniel cell (b) its internal resistance. 

i [Ans. (a) 1:07 volts ; (b) 8 ohms (nearly)] 

32. The resistance of 10-wire potentiometer is 20 ohms. With it are connected in series a 
cell of e.m.f. 2 volts and negligible internal resistance and a resistance box. If each of the 10 
wires of the potentiometer is 1 metre long, what resistance should be taken out from the resistance 
box in order to produce a p.d. of 1 microvolt per 2 mm ofthe wire ? If an unknown p.d. produces 
a balance point at 750 cm of the wire, what is its value ? [Ans. 7980 ohm; 3750 microvolt] 


33. A Leclanche's cell and a Daniel cell are connected in series so that their ¢.m.f.’s act 
in conjunction. This combination gives a null point at 875 cm on a potentiometer wire. On 
reversing the Daniel cell, the combination requires only 140 cm. length for balance. Find the 
e.m.f. of Leclanch's cell, if that of Daniel cell is 1*1 volt. - [Ans. 1:52 volt] 


Fig. 3.11 


HEATING EFFECT OF ELECTRIC CURRENT 
AND THERMO-ELECTRICITY 


4.1. Introduction : 


In discussing the various effects of electric current, in chapter one, it 
was said that when electric current flows through a conductor, the conductor 
becomes hot. This is known as heating effect of current. A large 
number of free electrons is always available in every conductor. When a 
potential difference exists at the ends of a conductor, these free electrons try 
to move from the point of lower potential to the point of higher potential. The 
electrons, consequently, gain some kinetic energy. Asa matter of fact, this drift 
of electrons is responsible for the flow of current through the conductor. Now, 
these electrons, in their attempt to move from one point to another collide against 
surrounding molecules of the conductor, which as a result, become possessed 
with increased kinetic energy. Increased kinetic energy of the molecules 
means an increase in temperature. For this reason, when current passes through 
a conductor, heat is produced and the temperature of the conductor increases. 
As the temperature rises., the radiation of heat from the surface of the conductor 
increases. Continuing in this manner, a stage is soon reached, when the rate 
of production of heat equalises the rate of loss of heat due to radiation. Then 
the conductor attains a steady temperature. This heating effect of current serves 
many useful purposes. As domestic applications of this effect, we get electric 
bulb, electric heater, stove, iron, etc. As industrial applications, we get electric 
arc or arc welding, electric furnace, etc. The law concerning the development 
of heat by electric current was first established by Dr. Joule in 1841. The law 
is known as Joule's law. 


42. Joule's law : 


If a current J flows through a conductor of resistance R for time ¢, Joule's 
law states that— 


(i) the heat (H) produced is proportional to the square of the current 
(19), when the resistance of the conductor and time of flow remain unaltered. i.e. 
Hoc]* when R and : are constants. 


(i) the heat produced is proportional to the resistance of the conductor 
when the current and time of flow remain unaltered i.e. Hoc R when / and t are 
constants. 


(ii) the heat produced is proportional to the time of flow of the current 
when the current and the resistance of the conductor remain unaltered i.e. Hot 
when J and R are constants. 


Mathematically, Joule’s law may be expressed in symbols. Thus, 
HcPR.t. 
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43. Establishment of Joule's law : 

Suppose, the terminal p.d. of a conductor AB is E, and its resistance 
is R. A current J flows through the conductor for an interval t. (Fig. 4.1) 

From the definition of potential difference, it follows that the work done 


in allowing unit quantity of charge to flow from D =i : 
one end of the conductor to the other—E. Since AB 
the current J flows through the conductor for 4——E > 
time t, the charge transferred is Z.t. Let the charge Fig.4.1 


be Q. Hence, work done in transferring charge : 
Q from one end of the conductor to the other is given by, W=E. Q-—E.l.t. 

So far no units have been mentioned for potential difference, current, etc. 
According to practical units, if E is expressed in volts, current in amperes and 
time in seconds, then W—E.I.t Joules— E.1.t x 10* ergs. 

This work will be converted into heat which will warm up the conductor. 
If H calories of heat are developed, then 

W-—J.H  (J=mechanical equivalent of heat.) 


E.I.t x10  ET.t. x10" 


= — ——— 42x10 

H 7 42x10 cal [J=4:2 10* ergs/cal] 
—0:24 X Ex IXt cal. EE) 
—024x I*x Rxt cal. 2:35 (li) (55 E&RXI) 


or, Hocl?R.t. This is Joule's law. 
Further, if J=1 amp ; R=1 ohm. and t=1 sec., then H=0:24 calorie. This 
shows, that if 1 amp. of current flows through a conductor of resistance 1 ohm, 
0:24 calorie of heat will be produced in the conductor in 1 second. 


Important Conclusions : 

(a) From eqn. (ii) it is seen that Hocl*; so if the current is reversed, the 
quantity of heat produced remains the same. In other words, the rate of pro- 
duction of heat i.e. Joule effect does not depend on the direction of current. Hence, 


it is called irreversible. 
(b) HocR; Also Ral, the length of the conductor as also Roe where 
Ais the cross-sectional area of the conductor. This shows that current remaining 


the same, the quantity of heat produced is directly proportional to the length of 
the conductor and inversely proportional to the area of the cross-section of the 


conductor. 
(c) From eqn. (i) above, we see that H=0:24x Ex Ixt calories 


2 2 
-024:c* t calories [ Uu rx] or Hom xt. 
Hence we can write, (i) HocE? when R and ¢ are constants 
(ii) Hoh when E and : are constants 


(iii) Hoct when E and R are constants. 
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4.4, Verification of Joule’s law : 

(i) To verify Hxl*: Cisa polished copper calorimeter partly filled with 
: cold water (Fig. 4.2). The calorimeter is provid- 
ed with an ebonite lid having serveral openings, 
through which are inserted a coil of eureka 
wire and a thermometer 7. The ends of the 
coil are connected to two terminals (S.S). A 
battery B, an ammeter A and a rheostat R.are 
connected in series with the coil. Adjust the 
rheostat to send a suitable current, say /, amp. 
through the coil for given interval (say, 10 
minutes) of time. Note the rise of temperature 
of water from the thermometer 7. Let the 
^ Fig. 4.2 rise of temperature be 7,C. Now stop the 
current and allow the water to come back to the room temperature. 

Change the current with the help of the rheostat. Allow the new current, 
say J, amp. to flow through the coil for the same interval of time. Again note 
the rise of temperature. Let it be 7,°C. If the heat developed in the two occa- 
sions be H, and H, calories then since the thermal capacity of the calorimeter 


and its centents remains constant, aA 
3. 54s 

3 els PRI vH. ni 

experiment, m4 I 

From the experiment, it will be seen T Ie H, ij 


i.e. Hoc I? when R and t are constants. 


(ii) To verify HocR : Two identical calorimeters containing equal amounts 
of cold water are taken. Into the water are inserted two heating coils of different 
resistances R, and R, Circuit connections 
are made as shown in Fig. 4.3. Since the 
coils are joined in series, same current flows 
through each. Adjusting the rheostat, send a 
suitable current for a certain interval of time. 
Note the rise of temperature of water in the 
calorimeters with the help of thermometers. 
Suppose, the rise of temperature is 7,°C in 
one calorimeter and T,°C in the other. Since 
the thermal capacity of the calorimeters and Fig. 4.3 
their contents remains constant, the heat 
developed in the calorimeters will be proportional to the rise of temperature 


7 M DU ERU H R 
From the experiment it will be seen To EC 


ie. HocR when / and ¢ are constants. 
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(iii) To verify Hoct : The circuit arrangement is same as that shown in 
Fig. 4.2. Senda suitable current through the heating coil for ¢, sec., say. Suppose, 
the rise of temperature of water is 7,°C. Stop the current and allow the calori- 
meter and its contents to return to the room temperature. 

Next, allow the same current to flow through the heating coil for different 
time, say fa sec. Again note the rise of temperature. Suppose it is T," C. 


If H, and Hy, be the amounts of heat developed in the two occasions, 


HT : AREE qu Hj 
then = 41, From the experiment it will be seen that === ~. — esl 
H, Ts à Rr oom ty 


ie. Hoct when R and J are constants. 

Example 1: Jf 20 coulombs of electric charge flow across a potential 
difference of 220 volts, how much work is done? If the charge flows through 
a resistor, how much heat will be generated init ? J—4. joules|cal. 

[H. S. Exam. 1984] 

Ans. Work-done, W=chargex potential difference—20 x 220—4400 joule. 


If H be the heat produced, then W=J.H or HT cal=1047°6 cal. 


Example 2: How much heat is developed when a current of 0'8 amp 
flows through a resistor of 10 ohms for 1 minute ? 

Ans. We know, H=0:24 /?R.t calories. 

Here, J=0°8 amp ; R=10 ohms; t=1 mnt=60 sec. 

--— H—0:24(0:8)? x 10 x 60 calories—92-16 calories. 

Example 3 : A current flows through a 10-ohm coil for 10. minutes and 
the heat developed is completely supplied to 100 gm of water, If the temparature 
of water rises from 15°C to 75°C, calculate the current strength. 

Ans. Here, the heat developed, H=mass of water x rise of temp. 

=100(75—15)=100 x 60=6000 cal. 

We know, H—024x PX Rxt 

6000 100 
000—0:24 x 72x 10x10x60 or, 2=—————_——__ = 4 
j i% 024x10x10 x60 24 
or, I— 309 =2-04 amp. (nearly). 

Example 4 : Two resistors of 40 ohms and 60 ohms are connected in series. 
and the combination is then connected to 200 volts main. Calculate the heat deve- 
loped in each resistor in 1 minute. 3 

Ans. Total resistance of the resistors=40-+ 60=100 ohms. 


a volts 200 
So, current through each resistor— a 1007? amp. 


Heat developed in 40-ohm resistor 

H,—0:24 x (2? x 40x 30 cal.—1152 cal. 
Heat developed in 60-ohm resistor 

H,—024 x (2)? 60x 30 cal=1728 cal. 
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Example 5 : 7n the circuit shown in fig. 4.3(i), the heat produced in the 5 ohm 
resistor due to the current flowing through it is 10 calories per second. Find the 


rate at which heat is produced in the 4 ohm resistor. ULT 1981] 
Ans, Let V be the p.d. at the ends of the parallel combination. According 
to (a to Joules law, the rate of heat production 
in 5 ohm resistor, 
H,=0°24 x L-0M X a cal/sec. 
Bie From the problem. H,=10 cal/s. 
i i r p* 50 
Fig. 4.3(i) 04». NS UT 
: l So, 10=0:24 s or V T 
Again, 4 ohm and 6-ohm resistors being in series having a p.d. of V, the current 
in. them i=— = — ; Eun A. LAE 
i i a6 io amp. So, rate of production of heat in 4-ohm resistor 
is H=0:24 i*R—0:24 x x 4en0°24 x a uid e x4--2 cal/s 
100 0:24 x 100 


Example 6 : Four resistors are put in a mixed circuit as shown in fig. 4.3 (ii) 
and then connected to a battery, which delivers 5 amp current to the circuit. What 
is rate of heat developed in the whole circuit ? 


Ans. If R, be the equivalent resistance between A and B, then 
1 E i 
R 20 20 10 or A,—10 ohms. 
Similarly, if R, be the equivalent 
résistance between B and C, then 
AE arde. Ie Mee iM 
R, 40 160 160 32 » Ps 
R,=32 ohms. Fig. 4.36i) 
So, total resistance between A and C is given by R=A,+R,=10+32=42 ohms. 
If H cal/s be the rate of heat production in the whole circuit, 
LATE cam (9x42 
=D 132 250 cal/s. 
Example 7: Two wires have same material and mass but the length of one 


is double that of the other. Compare the heats developed in them when (i) their 
voltage is same (ii) their current is same. 

Ans. Suppose the length and resistance of one wire are / and R, respecti- 
vely. Then the length of the other wire is 2/. Its cross-section will be half that 
of the first because they have equal mass. 

Again since their material is the same they have equal specific resistance 


then 


(p). Under this circumstances, &,—p L and Ry px px S an, 
2 
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(i) Voltage being the same, the heat produced is inversely proportional 
to the resistance. Hence, in this case the ratio of heat produced=4 : 1. 

(ii) Current being the same the heat produced is proportional to the resis- 
tance. Hence, in this case the ratio of heat produced—1 : 4. 

Example 8: Two wires of resistance r, and r, are successively connected to 
a battery of internal resistance r. If in the same time, the heat developed in them 
be same, prove that r—«/r,.rs d i 

Ans. Let e be the e.m.f. of the battery. When the wire of resistance /, 
is joined, the current i=. So heat developed init —024x itnt= 

rn 


OM kd ae ee Sd 
. (—) ryt (i) 


When r, is connected with the battery, the current i=: So heat 
r-ra 


2 
produced in it=0:24> itrat=024( Ls ) rat oy eof) 
rte, 


According to the question eqn*. (i) and (ii) are equal. 
024xe*xrxt. O24xe*xrgxt 
(n+? (ro +t)? 
or, rry--r)* ran? 
Of, T$ riore ri rat rs mri reor arre 
or, rr, — r) =r r) or rè=r -~ r= ry 


So, 


4.5. Determination of J by electrical method : 


(i) By Joule’s calorimeter. 
If E volts be the p.d. across a conductor through which a current 
of I amp is flowing for t seconds the work done W=E.Lt joules. It will produc 
some heat in the concuctor. If H calories 
of heat are produced, then, W=J.H. 
[J=mechanical equivalent of heat] 
So, E.Lt=J.H 


E.I.t 
J=—— Joules/cal. 
| qi cad 


So knowing Æ, J, t, and H, the value 
of J can be found out. 

Experiment : The arrangement consists 
of a nickel-plated copper calorimeter having 
a stirrer S made of copper (Fig. 4.4). The 
mouth of the calorimeter can be covered 
by an ebonite lid. The calorimeter with 
its stirrer is to be weighed empty. Then 


Fig. 4.4 
some turpentine is poured into the calorimeter and it is reweighed. A heating 


380 / A TEXT BOOK OF PHYSICS 


coil R is inserted into the oil. Its ends are connected to two screw terminals B 
and C on the lid of the calorimeter. In series with the coil are connected a 
battery E, a rheostat Ra, an ammeter A and a key K. A thermometer T is 
introduced into the oil to record its temperature. A voltmeter V is connected 
across the heating coil to read the p.d. of the coil. 7 
Allow a current to pass through the heating coil. The heat developed will 
be taken up by the calorimeter and its contents, whose temperature will, there- 
fore, rise, 
: Suppose, m=mass of oil taken in gm. 
S —sp. heat of the oil. 
w =water equivalent of the calorimeter and the stirrer in gm. 
© —rise of temperature in °C. 
E =p.d. across the heating coil as shown by the voltmeter in volts. 
I =current through the heating coil as shown by the ammeter 
in ampere. 
=time during which the current flows as recorded by a stop- 
watch in sec. 
Here, the work done W= E. 7.1 joules, and heat developed H=(mS +-w) 0 calories. 
EXJt ET 
"Hoo (mS4wy 
, Experiment is to be repeated by changing the current with the help of the 
rheostat and the mean value of J to be determined therefrom. 


~ 


Now, J= joules/cal 


(ii) By Callender and Barnes’ continuous flow calorimeter : 


The essential features of the experimental arrangement have been shown 
in fig. 4.5. It consists of a narrow glass tube MN through which a steady flow of 


L Water inlet 
aT 
É B 


water is maintained. Inside the tube is mounted a platinum or a nichrome wire 
W in the form of a spiral. This produces automatic stirring of water. The elec- 
tric current passing through the wire W produces heat which warms up the water. 
As a result, temperature difference between the inflow and outflow of water gra- 
dually increases and finally becomes steady. The steady temperature difference 
is measured by two thermometers P, and P, The current from the battery B 


Fig 4.5 
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flows through the heating coil W along the lead Z, and returns to the battery along 
the other lead L,. Two more wires L and L, are connected to the heating coil 
W. To meausre the p.d. across the heating coil, a voltmeter Vm is connected 
between these wires. The glass tube MN is jacketted by a wider glass tube V from 
which air is pumped out. This minimises loss of heat due to radiation. 

With the apparatus properly set and adjusted, the flow the water through 
the tube MN is started and the current through the heating coil is allowed to flow. 
After some time: when a stedy state has been reached, the temperature of inflow 
and outflow liquid are noted respectively from thermometers P, and Py. 
Suppose the temperatures are 0, and 0, respectively. The water flowing out 
in a definite interval of time noted from a stop-watch, is collected and its mass 
is determined. The ammeter A connected with the heating coil W gives the 
current (7) flowing through the coil. The p.d.(E) across the heating coil W is 
noted from the voltmeter Vm. 


Calculation : The quantity of heat absorbed by water=m (0,— 0). 
ares 545 
Heat produced by electric current= = 


ze -m- eR oo @ 
where / represents the heat lost by radiation. To eliminate h, the whole procedure 
is repeated with a different current /, keeping the difference of temperature (0,— 0,) 
unaltered. In the second case, we have, 
Dr m0, - 9) ici eria 


Subtracting we get, (0,— 0,) (mm) E ETE 
"s (GE — E.Dt 
(m, — m9, — 01) 
If instead of water, a liquid of specific heat S is taken, then, 
"= (Eh - E.L)t 
~ S(m =m) (9,—9,) 
Example 1 : A current of 2 amp is sent through a coil of wire of resistance 
3 ohms for 2 minutes. The coil is immersed in 50 gm of water kept in a copper calori- 
meter of water equivalent 50 gm. The rise of temperature of water is 3-4°C. Cal- 
culate the value of J. 
2 
Ans. We know, rn Gs joules/cal. t 
Here [=2 amp, R=3 ohms ; t=2x 60 sec, w=50 gm, m=50 gm, 
S=] and 0—3:4'C. 
(23x 3x2x 60 


— AL. —423 joules/cal. 
(502-50) 3:4 
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Example 2 : An electric heating coil is connected in series with a resistance 
X ohms across the 240 volts mains, the coil being immersed in a kilogram of water 
at 20°C. The temperature of water rises to boiling point in 10 minutes. When a 
second heating experiment is made with the resistance X short-circuited, the time 
required to develop the same quantity of heat is reduced to 6 minutes. Calculate 
the value of X. . 

Ans. Heat necessary to raise the temperature of a kilogram of water from 
20°C to 100°C=1000 x (100 — 20) — 1000 x 80 cal. 


j E* INE T 
Now, we know, H=024x 7: teal. In the first case, the circuit resistance 


is R+X, where R is the resistance of the heating coil. So, 
(240)? 0:24 x (240)? x 10 x 60 : 

1000 x 80—0:24 x. —— x 10x 60 R4 X= 
RFX AY 1000x80 © 


In the second case, when the resistance X is short-circuited, the circuit 
resistance=R. So, 


(240)? 0:24 x (240)? x 6 x 60 X 
1000 x 80=0°24x ——- x Prides AOS T o dpa acia 
x x6x60 or R 10005: 80 (ii) 
0:24 x (240)2 60 4 


Subtracting (ii) from (i, X= —41:47 ohms (nearly) 


1000 x 80 


Example 3: Jn a Joule’s electric calorimeter, 1:5 kg of oil of sp. heat 0-6 
is taken and 3 amp current is passed through a 3 ohm coil immersed in it. For 
how long is it necessary to pass this current so that the temperature of the oil in the 
calorimeter rises by 10°C ? The water equivalent of the calorimeter and heat loss 
due to radiation may be assumed to be negligible. Given mechanical equivalent 
of heat=42 joules|cal. [H. S. Exam. 1980] 


Ans. Let ¢ sec. be the required time. 
Heat produced by the current Re DS cal. 
Heat absorbed by the oil —mass of the oil x sp. heat x rise of temp. 
— 1:5: 1000 x 0:6 x 10 cal. 
(3)?x3xt 


13 —1:5x1000x0:6x 10 


1:5: 1000 06: 10x 4:2 
Muri quide etae acra ouo mau MIA RU | = 
or t x3 400 sec=23 mnt. 20 sec. 


*4,6. Principle of least heat : 

In an electric circuit, consisting of several branches, current distribution 
takes place in such a manner that the heat produced in each branch is a minimum. 
This is known as the principle of least heat. We shall establish the principle in 
the case of a simple circuit consisting of two resistances r, and r, connected in 
parallel. If i be the main current, then from the principle of shunt [art 2.13], 
we can write 


l 
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i=current in ry=— i and (4 ——4À—.i. 
ritro " 
This distribution can be obtained from the principle of least heat in the following 
way : 
Let the current through the resistance r, be i. Then the current through 
the parallel branch of resistance re is /—i— i 
iy (I h)a 


J cal. 


Total heat generated per sec in the combination H= 


Differentiating, AL [2ür,—2r,i--2rj,] [i is a constant] 
1 


Now for minimum heat, eo 
^ 


i.e. 2r, — 2rs.i4- 2r4i4—0 {J is not zero] 
fa 
Le. (ry 4- rg) —i.r or i= i. 
i(i 1 2) 2 1 rtra 
In the same way, it can be shown that for minimum heat the current in the 


other branch is IH 
nr 2 


Needless to mention that the principle is valid in the case of complex circuits 
also. 


4.7. Electric energy and power : 


Capacity of an electrical machine for doing work is called its energy, 
For example, if an electrical machine sends Q amount of charge through 
a conductor whose potential difference is V, then the work done by the machine 
i.e. electrical energy — Q X V. 

In practical units, Q is expressed in coulombs, and V in volts. 

In that case, the work done or the energy— Q.V joules— Q.V x 10? ergs. 


Units of power : Power, we know, is defined as the rate of doing work. 
(See chapter “Work, power and energy" in volume I of this book.) The power 
of an electric machine is usually expressed in watts. The power of 1 watt is defined 
as the rate of working of 1 joule/sec. 
1 watt=1 joule/sec— 10" ergs/sec. 
We have already seen, work done— Q.V joules, where Q coulombs of charge 
pass across a p.d. of V volts in ¢ seconds. 
Rate of doing work or power P (in Watts) 


= ox" joules/sec— Ix V joules/sec. [si =] amp. ] 


It is convenient to memorise the relation, Sine x Volts. 


A bigger unit of energy is generally used to express the energy of a large 
machine. It is called Kilowatt (KW). 1 K,W.—1000 watts. 
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Units of energy : Since work done=power X time, we may get the energy- 
of an electric machine which works continuously for time t with power P by multi 
plying the power with time and from this we can also form an unit of energy. 

-1 joule is the energy expended when a machine of 1 watt power works for 

` | second i.e. Joule— watt x second. 

— Jf a machine of 1 watt power. works continuously for | hour, the energy 
expended is called watt-hour ‘i.e. Watt-hour— Watt X hour. 

Also, | watt-hour=1 watt x 1 hour==1 watt x 3600 seconds= 3600 joules. 

Electric supply company measures the electricity consumed by the 
consumers in terms of Kilowatt-hour (abbreviated as KWh) or B.O.T.units. Asthe 
náme implies the Kilowatt-hour is the energy supplied by a rate of working of 
1000 watts for 1 hour. 1 

.. Watt-hours _ amperes * volts x hour 

B.O.T. units— 600 7 Fae E a 

The electric supply company installs a ‘meter’ in the house of every consumer, 
' which records the energy consumed in terms of B.O.T. unit. 
Very often you will find *voltage' and ‘watt’ written on the body of a bulb, 

such as ‘220 volt—100 watt’ bulb. We can understand the significance of the 
above writings from the quantities mentioned just now. 
‘920 volt means that when the bulb is put on 220 volt p.d. as in the mains 
supply the bulb will glow the brightest. The filament of the bulb will however, 
burn out if it is put on a higher voltage line. *100 watt" means that the bulb 
consumes 100 watt electrical power every second and it takes a current 
100 - 

= 570 0:45 amp (nearly). : 
If the bulb is worked for 10 hours (say), it will consume energy —100 10 


—]000 watt hour ero K.W.H. (or 1 B.O.T unit) 


48. Fuses: 


To safeguard the electrical wiring of a house against damage due to 
heavy current, fuses are introduced in the circuit. They "are nothing but thin 
wires, capable of carrying a specified current. It is a known fact that when 
the wire is thin and the current is heavy, the wire may be so hot that it may melt. 
This is the principle of action of fuses. When for some reason or other, the 
circuit of a house takes more current from the mains than is safe for the wiring, 
the fuse melts and blows out, breaking the circuit. It is clear, therefore, that a 
. fuse bears the same relationship to an electric circuit as a safety-valve bears to an 

engine or a pump. — ; 

Usually fuses consist of fine wires made of an alloy of lead and a small amount 
of tin, They are generally rated by their ampere-capacity. Thus ‘a 5-ampere 
fuse’ means such a fuse wire which will melt by the passage of a current more than 
5 ampere. So, the circuit containing the above type of fuse is capable of carrying 
a current upto 5 amperes. It is to be noted that current-bearing capacity of a fuse 
wire does not depend upon the length but depends upon its diameter. It is, however, 
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important that the length of a fuse wire should be sufficient as otherwise, with the 
blowing of the fuse wire, an arc might be formed causing à fire. Fuses are gene- 
rally introduced into an electric circuit mounted on porcelain blocks provided 
with metal terminals for holding the fuses. 


4.9. Output power and efficiency of a circuit : 


Consider a circuit consisting of a resistor R connected in series with a battery 
of em.f. E and internal resistance r. The R 
resistor is usually called the ‘load’ of the circuit, AEI D 
specially when the source of c.m.f. is a dynamo 
or a generator. Let the current through the 
circuit be 7 If Vas be the p.d. across the 


load, then, Vase ER EC 
Kor 
Now, power delivered to the load is. called 
the output power Pout ; it is given by Pour=/. Vag—I*R .. (ii) 


The power generated by the source of emf. is given by Pgen—LE .. (iii) 


The difference between the power generated and the power output is the 
power wasted as heat in the source=/2.R. The ratio of the output power and 
power generated is known as the efficiency » of the circuit as a whole. Thus, 


Pout _1.Van_ Von LESE [From eqn. (i)) 


Preach Bag Rar ards 

This shows that the efficiency tends to 100% as the load resistance R tends 
to infinity. For high efficiency, therefore, the load resistance must be several 
times the internal resistance of the source. When R=r i.e. when the load resis- 
tance is equal to the internal resistance, the efficiency is 50%. 


Maximum power : Let us see how the output power varies with load resistance and when 
the output power becom:s maximum. We have seen that 
E.R 


E 7 : 
Pow ™ PR ; also Du A Pout DÀ T (iv) 


Considering E and r constants, if we plct Pow as 
a function of R, we find that it passes through 


25 the peak value [Fig.4.7] when R=r i.e. when the 
| 20 load resistance is equal to the internal resistance 
e of the source, the output power is max'mum. 

8 15 i The same result can be shown mi.thematically 
S 40 H by differentiating Pout in eqn. (iv) with 1espect to 
š 1 R and equating the differential co-cfficient t zero. 
Va]: Thus, 
1 d df ER E*((R.-- 7)! — RQR- 0] 
SP) =) ae Re A 
DPF w^ 65-84 102 M LR acid uer 
d 
[po Rinohms — for maximum value, =, (Pau) 0 
Fig. 4.7 Le. (R+r)}=2RR+r) or Rr. 


Ph, H—25 
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Example 1: An electric bulb in incandescent state, has a resistance of 400 
ohms. It is connected to 200 volts p.d. for 10 hours. If the cost per unit be 30 — 
paisa, calculate the total expenditure incurred. 


_ Ans, Current passing through the bulb=2$5=} amp. 


300 
B.O.T. unit cons ampere x volt x hour . 3x200x10 i 
1000 1000 
Cost=30 paisa. 


Example 2: Two lamps, connected seperately to a 100-volt supply are 
found to take 60 watts and 75 watts respectively. Determine the resistance of 
each lamp. If the two lamps are now joined in series to a 200-volt supply, find 
(a) the total watts taken by the two lamps (b) the cost of using the lamps for 60 
hours, the cost per unit being 25 paisa. 


Li 
Ans, We know, watt ampere x volt - “OW $ iinpere= Ot 
o 


ohm 
1 2 
Now, for the first lamp, 69 = 000 irs r= 1662 ohms. 
AR oU 
2 
For the second lamp, 15- CY R= = 1334 ohms. 
2 


When connected in series their total resistance=1663 +-1334=300 ohms. 


Now, the current passing through the lamps joined in series and connected i 
to 200 volts, [209 —2 amp. 


Watts taken by the first lamp—amp. x volt.—(amp.)* x ohm 


a G) 1663 


Watts taken by the second lamp=(3) x 133}. 


2 
Total watts taken=(3) x 1663+ (5 1331334 watts 


Hence, total B.O.T. unit sanmada Matt Door, 1334x 60 =$, 
1000 1000 


Cost=8 x 25 paisa=Rs. 2. 


Example 3 : Two resistors of 3 ohms and 5 ohms are connected in parallel. 
Find the value of the third resistor which will have to be connected with them so 
that the total power consumed from a source of e.m.f. 12 volts be 36 watts. State 
how the resistance is to be connected. 


Ans. Suppose the equivalent resistance of 3 ohms and 5 ohms connected 
- ‘ 1 
in the parallel be R’ ; then >= x: = is S R'=43 ohms-1:875 ohms. 
2 
Now power consumed —p.d. x current E x I=E x z= qva 


[R=resistance of the circuit] 
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_ 12x12 pg. 12X12..4 hia: 
R 36 

It is clear that the third resistor is to be connected in series with the parallel 
combination. Suppose, the resistance of the third resistor is x ohm. 

C'4D875x or x=4— 1:875—2:12 ohms (nearly) 

Example 4: Forty similar electric bulbs are connected in series across à 
220 volt d.c. supply. After one bulb is fused, the remaining 39 are connected again 
in series across the same supply. In which case, will there be more illumination 
and why? [LLT. 1969] 

Ans. If cach bulb has resistance r, then 40 bulbs in series give a total resi- 


stance—40r. Current through each bulb i= amp. Energy consumed by 
i / 220N* (220)* 
5 = 2r— Cd —— <r ^ 
40 bulbs per second —40./,".r 40x 2) Shy r watt. (P; say) 


When 39 bulbs are connected, current through each bulb i,— 209: Energy con- 


39.r 
: 2209. (220)? 
2:9 265 —239.| — ————— 
sumed by 39 bulbs 39.i,*r—39 ( =) Em watt (P, say) 
Since P2>P;, more illumination will be produced in the second case. 
Example 5: Two electric bulbs, each of 500 watt and 220 volt specification, 
are joined in series to a line of 110 volt. How much power will each bulb take ? 


Ans. We know, power=amp x volt. Current taken by each when connec- 
ower 500 50 


REE o : 
OS eS 1S0; 
ted to 220 volt line eT ao amp. So, resistance of each bulb 


~ amp 50/22 EC 
110 
joined to 110 volt line, current through them. So, power absorbed 


by each pulb=volt x current— 110 x s = ee ers watts. 

Example 6: 4 house-hold uses five 60-watt lamps and three 40-watt fans 
for 5 hours a day. Find the cost in a month of 30 days if electric energy is charged 
25 paisa per B.O.T. unit. 

Ans. Total watts consumed —5 x 604-3 X 40=420 

Total energy consumed every day=420 x 5—2100 watt-hours. 
, ina month —2100 x 30=63000 watt-hours. 

—63 KWh (or B.O.T) 
Cost 63 x 25 paisa- Rs. 15°75. 

Example 7: 4 heater is designed to operate with a power of 1000 watts in 
a 100 volt line. It is connected, in combination with a resistance of 10 ohms and 
a resistance R to a 100 volt mains. What should be the value of R so that the heater 
operates with a power of 62:5 watts ? L.L.T. 1978] 


" ” 
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Ans. The current taken by the heater when operating in 100 volt line 


000 , volt — 100 | 
= 1200 210 amp. Its resistance, therefore, is ad —— -—l0ohm. 7 
[Tm] current 10 


If R' be the total circuit resistance, R- ER Io REM x - aa 
100 100(10-+-R) 
K RP 
So, the current ig through the resistance Ris 
2.10 ya 10, 100(10+R)_ 50 
100V 10+R ^ 10-R  2XRi3) à RFS 
Fig. 4.8 Hence, the terminal p.d. of the resistor 


50 , 
=j R= XR oe 
R=irX ka (i) 


102, So, circuit current J= 


Since the heater takes 62:5 watt, we can write, 
62:5—ampx volt (amp)? x resistance— (amp)? x 10 


Current in heater iu- XP y i725 amp. 
4u 


So, terminal p.d. of the heater—/u x 10—2:5 x 10 . (i) 
Since the heater and the resistor are in parallel connection, eqns (i) and 
SOxR 


—25x10 or R+5=2R or R=5 ohms 
R+5 


(ii) are equal. So, 


Thermo-electricity 
perisse eet d | 


4.10. Seebeck effect : 


If two dissimilar metals be joined to their ends so as to form a closed 
conducting circuit and if a difference of temperature be maintained at two 
junctions, a feeble current is found to flow through the circuit in a particular 
direction. This shows that an e.m.f. has been set up in the circuit, the origin 
of which must be the difference of temperature at the two junctions. 

Fig. 4.9 shows a closed circuit where a Copper rod and an iron rod have been 
soldered together at their ends 4 and B 
forming two junctions. A sensitive gal- 
vanometer G is also included in the circuit. 
Now, keeping the end A cold, if the end 
B be heated by a spirit lamp or a burner, 
the galvanometer will show a deflection, 
This indicates that a current is flowing Fig.4.9 i 
in the circuit in a given direction. The current in the circuit becomes reversed 
if the junction A is heated and the junction B is cooled. 

The current produced in this way without the use of a cell or a battery is - 
known as thermo-electric current and this branch of electricity is known as thermo- 


COPPER 
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electricity. Yt was first discovered by Secbeck in 1821 and hence the phenomenon 
is known as Seebeck effect. 

In a copper-iron circuit as shown in the fig. 4.9, current flows from iron to 
copper at cold junction and from copper to iron at the hot junction. A pair of 
dissimilar metals arranged in this manner is called a thermo-couple. The e.m.f. 
set up in a thermo-couple due to a difference of temperature at the junctions is 
called thermo-electric e.m.f. 3 

It goes without saying that no current flows through a thermo-couple if the 
junctions are kept at the same temperature. 


4.11. Thermo-electric series : 

Experiments show that the thermo-e.m.f. sct up in a thermo-couple 
depends upon two factors viz (i) the pair of metals forming the couple and 
(ii) the temperature difference between the junctions. Seebeck studied the 
above phenomenon with various metals and arranged them in a series known 
as thermo-electric series, from which we can quickly get the direction of current 
flowing in a couple made of any two metals of the series. If any two metals of 
the series be taken, current will flow through the co/d junction from the metal 
which is higher in the series to the metal which is lower. 


The series is as follows : 


(i) Antimony (v) Copper 

(ii) Iron (vi) Nickel 
(iii) Zinc (vii) Constantan 
(iv) Lead (viii) Bismuth. 


Thus if antimony and bismuth are taken to form a couple, current flows 
through the cold junction from antimony (which is higher) to bismuth (which is 
lower ia the series). 


4.12. Temperature-E.M.F. relation : 

Keeping oae junction of a thermo-couple at 0°C, if the temperature of 
the other be gradually increased, the thermo-e.m.f. set up in the circuit also 
increases. As longas the temperature difference is not very high, the rise of 
emf. is proportionate to the increase of temperature of the hot junction until 
at a particular temperature of the hot junction, the e.m.f. becomes maximum. 
This particular temperature of the hot junction is called the nentral temperature 
of the given couple. 


Definition : The temperature of the hot junction of a therma-couple at which 
the therma-e.m.f., assumes a maximum value while the other junction is kept cold, 
is a constant for the given couple and is known as the neutral temperature of the 
couple. 

It is to be remembered that neutral temperature of a given thermocouple 
is fixed and remains constant whatever may be the temperature of the cold junction. 
Thus, the neutral temperature of iron-copper couple is 270°C whatever may be 
the temperature of the cold end, 
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If the temperature of the hot junction be increased beyond the neutral tem: - 
perature, the thermo-e.m.f., instead of increasing further, decreases until it becomes - 
zero at another given temperature of the hot junction. This particular tempera. — 
ture is called the temperature of inversion. : 


Definition : The temperature of inversion is the temperature of the hot 
Junction of a thermo-couple at which the thermo-e.m. f. of the circuit becomes zero 
and tends to be reversed in direction. 5 

If a graph be plotted between the temperature of the hot junction and the 
thermo-e.m.f. the cold junction being kept at 0°C, the graph is a parabolic curve 
(Fig. 4.10). The point A of the graph (270°C) 
represents the neutral temperature of iron- 
copper couple and the point P (540°C), the 
temperature of inversion (when the cold end is 
at 0°C). 

It is important to note that the tem- 
perature of inversion of a couple is not a 
constant quantity. It is as much above the 
neutral temperature as the cold junction is 
below the neutral temperature. Thus for 

Fig. 4.10 à copper-iron couple, the temperature of. 
inversion is 540°C when the cold junction is at 0°C but the temperature. of inversion 
becomes 440°C when the cold junction is kept at 100°C. 

In general, suppose the temperature of cold junction— 6, ; the neutral tem- 
perature— 0, and temperature of inversion— 0,. ! 


0,46, 


270° 440° 
== ~> TEMPERATURE 


Then, 0, — 0,— 0, — 0, Or, On 


It may be mentioned, further, that if the temperature of hot junction be 
increased beyond the temperature of inversion, the thermo-e.m.f. again increases 
but its direction becomes reversed (Fig. 4.10). 

For a moderate range of temperature the general relation between the tem- 1 
perature and thermo e.m.f. in a thermo-couple may be stated as follows : 

E=c0 +502. 

Where E=e.m.f. set up : a, b,=constants for the given couple : 0—tempera- 
ture difference between the junctions. 

Example : The temperature of the cold end of a thermo-couple is 2:8*C 
and the temperature of inversion is 572:2?C. What is its neutral temperature ? 

Ans. If 0, be the temperature of the cold end, 0, the temperature of inver- 
sion, and 0, the neutral temperature, then, we know, 

0,—3(0--0,) ; Here 0,—2:8*C ; 0,=572-2°C. 

no 0,—3(2:8--5722)—287-5C 


4.13. Peltier effect : 


It was discovered by Peltier in 1834 that if a current was sent round the 
circuit of a thermo couple, heat was evolved at one junction and absorbed 
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at the other, i.e. one junction was heated and the other was cooled. It is known 
as Peltier effect and may be characterised as complementary to Seebeck 
effect. This feature between the two effects will be clear if we consider 
both the effects in the same couple. Let us take the copper-iron couple men- 
tioned earlier. 

In Seebeck effect, we have seen that when a temperature difference is main- 
tained between the junctions, current flows through the cold junction from iron 
to copper (Fig. 4.9). If now, keeping the junctions of the couple at same tem- 
perature, a current be allowed to circulate COPPER 
with the help of a battery in the same TSE“ “Į 
direction, the junction which was heated | , 
in Seebeck effect, will now absorb heat 
(Fig. 4.11) and the other junction will EVOLUTION IRON 
evolve heat. In other words, the junction 
through which the current supplied by the Fig. 4.11 
battery passes from iron to copper will be heated and the other junction will 
be cooled. If the direction of the current supplied by the battery is reversed 
by the reversal of the polarities of the battery, the Peltier effect at the junctions 
is also reversed. 


Experimental demonstration of Peltier effect : 


At the two ends of a thick iron rod, two pieces of equally thick copper rod 
are soldered, forming two junctions. The two junc- 
tions are introduced in two bulbs of a differential 
air thermometer (Fig. 4.12). The bulbs are con- 
nected by a U-tube which contains some light liquid. 
With the help of a battery allow a current to pass 
from copper to iron in one bulb and from iron to 
copper in the other bulb as shown in the 
figure. It will be found that a level difference bet- 
ween the liquid columns in the U-tube has been 

Fig. 4.12 created—the liquid column in the arm A having 
attained a higher level than that in the arm B. This shows that the junction 
corresponding to the arm B (where current passes from iron to copper) is 
heated because the air in that bulb, on being heated tries to expand and pushes 
the liquid column downwards. The other junction where current passes from 
copper to iron is evidently cooled. 

If the battery connections are reversed, the liquid column in the arm A will 
be depressed and the other column in the arm B will be elevated. This proves 
that Peltier effect is à reversible process. 

Some heat will, of course, be produced due to Joule effect but it is insigni- 
ficantly small because the rods are very thick. Moreover, whatever little heat 
that Joule effect may produce, it will be equal in both the bulbs and will, therefore, 
not cause any difference in the levels of the liquid columns. 
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— 444. Distinction between Peltier and Joule effect : 
Although both the cffects—Peltier and Joule—are concerned with the 
production of heat by electric current yet there are basic differences between 
the two. The differences are : 


(i) In Peltier effect, heat is evolved as well as absorbed but in Joule effect . 


heat is always evolved. 

(ii) Joule effect is not reversible i.e. if the direction of the current is reversed, 
cooling is not produced ; but Pelteir effect is reversible. 

(iii) Joule effect takes place throughout the conductor but Peltier effect is 
confined only at the junctions. 

(iv) In Joule effect, the heat produced depends upon the resistance of the 
conductor but Peltier effect has nothing to do with the resistance. 

= (v) In Joule effect, the heat produced is proportional to the square of the 

current passing through the conductor but in Peltier effect, the heat absorbed or 
evolved is proportional to the current passing through the circuit. 


4.15. Laws of thermo-electricity : 


~ There are two well-known laws of thermo-electricity. They are known 
as (i) Law of intermediate metals and (ii) Law of intermediate temperature. 


(i) Law of intermediate metals : 


The law states that the thermo-e.m.f. produced by two different metals having 
junctions at different temperatures is independent of a third metal introduced in 
the circuit, provided that the junctions formed by this metal are maintained at 
the same temperature. 

Suppose the junction temperatures of a thermo-couple 4/B are 0, and 0, 
Amb RUN The thermo-e.m.f. developed 


2 
29, C is E (A/B). Now opening the junctions 


Be o 
at 0, a third metal C is introduced such 
© Fig. 4.13 Gi) that the junctions of the new metal are at 
the same rae y [Fig. 4.13()). Under the circumstances, it may be 
1 2 0, 
proved that E (A/B)=E (A/C)+E (CJB) 
0 1 0, 

This law has two main consequences : 

(a) A galvanometer and leads may be introduced into a thermo-electric 
circuit without altering the conditions provided the new junctions are at the same 
temperature. 1 

(>) Two wires to form a junction may be soldered together even if the sol- 
der holds them apart, provided the whole junction is at the required temperature. 

(ii) Law of intermediate temperature : 


: The law states that the thermo-e.m.f. produced by two different metals with 
junctions at different temperatures 0, and 0, is given by the sum of the thermo- 
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e.m.f. 's which exist between the same junctions at 0, and 0, and 0, and 0, where 
0, is some intermediate temperature. Mathematically, the law may be expressed 


as : 


0, 0, 0s 
E=E+E 
0, 0, 4% 


In general, a given temperature difference may be broken up into a number 
of successive steps and the law may be applied to such cases of subdivision. Mathe- 


matically, it may be represented as 


0, 9 0, On 
E =E + E + +E 
0 0 0, On- 


where, 0, 03, 0, .. etc. are the successive intermediate temperature between 0° 


and Op. 


4.16. Thomson effect : 

Thomson in 1856 suggested that when a current flows through unequally 
heated conductors, heat energy is evolved or absorbed not only at the 
junctions but also throughout the metals forming the thermo-couple. This is 
known as Thomson effect. He also told that the effect is reversible. 

Explanation : Consider the case of thick copper rod AB whose ends arc 
kept at 0°C with the help of ice and the middle point O is heated by a beraer 
[Fig. 4.14@)]- Ordinarily, heat will be conducted equally along the length of 
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Fig. 4.14 
the rod on both sides of the point O and if we take two points (say A and B) equi- 
distant from the mid-point O on two halves of the rod, the temperatures at those 
two points will be equal. But when current is passed along the rod in the direc- 
tion of the arrow, the temperature at the point 4 will be found to be lower than 
that at the point B. It means that from A to O heat is absorbed and from O to B, 
heat is evolved. This is known as positive Thomson effect. Similar effect is 
observed in the case of zinc, silver, antimony, cadmium etc. So, by positive 
Thomson effect we mean that when current flows in a homogencous conductor 
from the point of lower temperature to the point of higher temperature, heat is 
absorbed while current flowing from the point of higher to lower temperature 
causes evolution of heat. The effcet is, of course, reversed if the direction of 


the current is reversed. 
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In the case of iron, however, when it is heated at the point O and current 
is flowing from A to B, the point A shows higher temperature as comparcd to the 
point B [Fig. 4.14 (ii)]. It means that from A to O heat is evolved and from O 
to B, heat is absorbed. This is negative Thomson effect. Similar effect is found 
in platinum, cobalt, bismuth, nickel etc. So, by negative Thomson effect we 
mean that when current flows in a homogeneous conductor from the point of lower 
temperature to higher, heat isevolved while current flowing from the point of higher 
temperature to lower causes absorption of heat. Negative Thomson effect is also 
reversible. 

It is important to note that lead shows no Thomson effect. If we take a rod 
of lead and heat it at the middle point, then two points equidistant from the mid- 
point on the two halves of the rod show the same temperature when current is 
flowing from one end to the other. For this reason lead is used as one of the metals 
to form a thermo-couple with other metals for the purpose of studying their thermo- 
electric properties. 


Experimental demonstration of Thomson effect : 


To show Thomson effect, Lord Kelvin used a thick strip of iron bent in a 
zigzag manner as shown in fig. 4.15. The free 
ends A and G of the strip were connected to a 
battery through a commutator. The end D was 
heated while the ends B and F were kept cold. 
Thermometers 7, and T, were placed in holes 
drilled at C and E. Before passing current, the 
thermometers registered equal temperatures on 
account of uniform thermal conduction through 
the strip. When a current was passed from A to 
G, the thermometer 7; indicated a higher tem- 
perature than the thermometer T}. On reversing the direction of the curreat with 
the help of a commutator, the thermometer T, indicated a higher temperature 
than the thermometer 7;. 


Fig. 4.15 


4.17. Explanation of thermo-electric effects according to electronic theory : 


Different metals have different electron densities i.e. the number of electrons 
per unit volume is different. When two different metals are brought in contact, 
diffusion of electrons takes place from the metal of higher electron density to the 
other. As a result, the metal of higher electron density becomes positive and the 
other negative due to more accumulation of electrons. This diffusion ceases 
when the e.m.f. developed is sufficient to prevent the passage of electrons from one 
metal to the other. Thus, we see that an emf. is set up at the junction of two 
different metals. 

(i) Seebeck effect : From the above consideration we see that a source 
of e.m.f. exists at each of the two junctions of two dissimilar metals forming à 
couple. The e.m.f. developed at the junction depends on the temperature of the 
junctions. When the two junctions of the thermo-couple are at same 
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temperature, the value of the e.m.f.’s at the junctions is the same. If one of the 
junctions is heated, it absorbs energy and the diffusion of electrons increases 
due to rise of temperature and hence the value of e.mf. at this junction 
increases. As a result, the circuit, as a whole, will acquire a resusltant e.m.f. in 
a direction coinciding with the direction of e.m.f. at the hot junction. 


Let us imagine the junctions are absent and in their place two imaginary 
cells are present. From fig. 4.16, it is clear that COPPER 


the cells are connected in opposition (according ; 

to the direction of diffusion of electrons), The | | 
cell A will have an e.m.f. e; in the direction from — e, —- A B -- e 
copper to iron and the other cell at B has e.m.f.e; | | | | 
also in the direction from copper to iron. But 


B being at a higher temperature than A, e,>e,. TORN 
Hence the resultant e.m.f. e=e,—e,, acts in the Fig. 4.16 
direction as indicated in the figure which accounts 


for the current in the Seebeck effect. If the temperature at the junction A is 
higher than that at B, e,>e and the direction of the current is reversed. 

(ii) Peltier effect : Again when the junctions are at the same tempera- 

ture, the value of e.m.f.’s of the hypothetical cells at the junctions will be same 

and no resultant e.m.f. will act in the couple. 

COPPER Now, by inserting an additional cell at C, if 

: current is sent in the same direction as in the 

Seebeck effect, then from the fig. 4.17 it is clear 

gj 8-2 that the cell at 4 is charged by absorbing 

| c | | energy and the cell at B appears to be dis- 

charged by giving out energy which are externally 

HON manifested by a rise of temperature at the 

Fig 4.17 junction A and a fall of temperature at the 

junction B because the hypothetical cells at A and B are imagined to have a 

thermal origin. This accounts for Peltier effect. 


(ii) Thomson effect : For an explanation of Thomson effect, let us similarly 
imagine two hypothetical cells having thermal origin to exist at X and Y such that 
the e.m.f. of the cell X has direction from MEM Vale 
colder to hotter part and that of Y is also A O B 
from colder to hotter part of the copper XN UAE: =, 
bar [Fig. 4.18]. If now a current passes x Y 
from A to C, then the cell at X appears re 
to be discharged by giving out energy and Fig. 4.18 
the cell at Y appears to be charged by 
absorbing energy which are externally manifested by a rise of temperature at Y and 
a fall of temperature at X. This explains Thomson effect. 

If a homogeneous conductor is unequally heated, then an e.m.f. acts between 
two points having different temperatures because the free electrons of the conductor 
like a gas molecules tend to move from point of higher temperature to point of lower 
temperature. Consegently, the high temperature point becomes positively charged 
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and the low temperature point negatively charged. In other words, an c.m.f. acts 
in the dircction from colder to hotter part (conventional direction). 


4.18. Application of thermo-electric effect ; Thermopile : 

This is a very sensitive instrument for detection of thermal radiation. It 
consists of a number of thermo-couples joined in series, 
The thermo-couples are made of antimony (A) and bismuth 
(B) rods [Fig. 4.19]. The hot end of each couple is turned 
towards the radiation and the cold end is turned away from 
it. The two ends of the thermocouple are connected to 
a sensitive galvanometer G. If radiation falls on the hot 
junction of the thermopile, à 
à temperature difference is 
created between the junc- = np 
tions, duc to which a current flows from bismuth to li 


antimony through the hot junction. The deflection 
shown by the galvanometer G is a measure of the 
intensity of the incident radiation. 

In the improved form of a thermopile, there are 
a large number of thermo-couples consisting of 
antimony and bismuth bars, arranged in the form 
ofa cube. The junctions are soldered but the bars 
are insulated from cach other with mica strips. 
All the junctions on one side are coated with 
lamp-black so that the surface can absorb completely the radiation incident upon 
it. When not in use, the hot face is covered with a metallic cap [Fig. 4.2U]. 


Fig. 4.20 


Exercises 
Eassy type : 
——— 
1, State and establish Joule's law in connection with the production of heat by electric 
gun n [H. S. Exam. 1978] 
2. State Joule's law. How would you experimentally verify the law ? Draw neat 
diagrams. [H. S. Exam. 1978, '82] 


3. Show that for conductors in series, the rate of heat dissipation in each is directly propor- 
tional to the resistance while for conductors in parallel, it is inversely proportional to the resistance. 


4. Explain the principle of determining mechanical equivalent of heat by equating thermal 
and electrical energies. Give the necessary experimental procedure and circuit diagram. 

5. What is the efficiency of an electrical circuit containing a load? Show that the efficiency 
of a circuit is 50% when the load resistance equals the internal resistance of the source of e.m.f. 

6. Explain Seebeck effect, Peltier effect and Thomson effect. [cf. H. S. Exam. 1979} 

7. Describe one experiment each for demonsrating Peltier effect and Thomson effect. 

8. Draw a graph between the temperature and thermo-e,m.f. and point out the neutral 
temperature and temperature of inversion in the graph. 
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Short answer type : 


9. A current is allowed to flow through a wire for some time. How does the heat pro- 
duced in the wire depend on (i) the length of the wire (ii) the cross-section of the wire (iii) the 
resistivity of the wire (iv) the p.d. across the wire ? (In the first three cises, the p.d. across the 
wire may be assumed constant.) [H. S. Exam. 1985] 

10. Explain what you mean by Joule, Watt and Kilowatt-hour. 

11. Oa an electric bulb is written ‘230 volt-60 watt. What is its significance ? What 
doss B.O.T. mean ? [H. S. Exam. 1978, '81) 

12. ‘In paying electric bills we pay for electrical energy consumed'—Justify the statement. 

13. What do you understand by the neutral temperature and the temperature of inversion 
of a thermo-couple ? 

14. Waatis a thermopile ? For what purpose is it used ? 

15. State the laws of thermo-clectricity. What are the consequences of the law of inter- 
mediate metals ? 

16. Two heating co'ls, made of same element, are connected parallel to the mains. The 
length and d'ameter of one of the coils are, each double than those of the other co:l. Which 
one will produce more heat ? 


zd? 
[Hints : Resistance of the coil R=pr; a= 3 R= The coil (4) whose length 


and diameter are double, has, according to this equatioa, a resistance less than the other coil (B). 
As the coils are connected in parallel, the (A) having less resistance will have greater current 
and hence will produce more heat.] 

17. An electric hzater continually produces heat but its temperature becomes steady after 
some time. What is the reason of it ? 


[Hints : After some time, the temperature, becomes steady because it loses heat at the 
same rate at which it g:neratesit. At first, when electric energy is put in the heater, its temperature 
rises along with the generation of heat. As the temperature of the coil differs more and more 
from the surrounding air temperature, it loses more and more heat due to radition. Soon a 
time comes when the rate of loss of heat is equal to the rate of production of heat. Then the 
temperature of the heater becomes steady.] 


18. A steady potential difference is acting between two points. Between the points, 
five wires of same length and diametcr but of diffe;ent materials are connected cne after another. 
In which wire Laving the highest or having the lowest resistance is the rate cf production of 
heat fastest ? 

19. Two lamps, o f 500 watt and 100 watt are connected to a p.d. of 110 volt. Filameat 
of which lamp has the highest resistance ? 

20. Two lamps, of 50 watt and 100 watt respectively are connected (i) series and (ii) in 
parallel with the mains. Which lamp glows brighter in the two cases? — [Jt. Entrance 1984] 


[Hints : In parallel connection, 100 watt lamp glows brighter and in series connection, 
the 50 watt lamp glows brighter. The resistance of 50 watt lamp is greater than that of the other. 
In series coanect:oa, the current in both of them is the same. Since brightness oc i*A, the 50 watt 
lamp glows brighter in series connection because of its greaterre sistance. 

In par.llel connection, both of them have the same terminal p.d. (V). Since brightness, 
in the case, is proportioaal to V?/R, the 109 watt lamp glows brighter because of its less resistance.] 


21. Two identical heating co‘ls are enclosed in two identical glass bulbs. One of the bulbs 
contains som? hydrogen gas wh'le the other is vacuous. The bulbs are connected in series and 
current is sent through them, Which oae gives brighter light ? 

[Hints : As the bulbs are connected in series, same current flows through them. But the 
heat produced will be quickly conducted away in the bulb which contains gas. Hence the vacuum 


bulb gives brighter light.) 
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22. Two heating elements A and B are enclosed in two similar sealed glass tubes and are 
used as heaters. They are immersed in two identical calorimeters containing equal amount of 
water. Wher conected in series, the element A is found to generate more heat than the element 
B ; but when connected in porallel, the element Bis found to generate more heat than A. Measure- 
ment of their resistances by a metre bridge gives same value. How can this happen ? 

[Hints : This can happen if the temperature coefficient of res'stance of the element A is 
more than that of the element B. If « be the temperature co-efi" of resistance of A, then 
Rt=R,(1+at). In series connection, Ha Oc i*.Ra.t and Hp Oc i*Re.f. Since RA. Rs. Ha> Hp. 


Rei M mul. CY. 
In parallel connection, HA oc Ra.t RE Ra and Ha & Re.t Eom] 
Since Ra>Rs, Hp>Ha. 
[n room temperature, Ra=Rs. So, the metre-bridge measurement gives same resistance.} 


23. A metallic wire is heated by allowing a current to flow through it. In this condition, 
one half of the wire is immersed in water. It is found thet the other half becomes mote heated 
than the immersed half. Why ? 


[Hints : Temperature of the half decreases due to immersion. So, its resistance falls. 
Heat produced being proportional to R, the immersed half now produces less heat). 


24, What isa fuse? Does the current-bearing capacity of a fuse depend on its length ? 
25. The equation P=i?R suggests that the rate of Joule heating in a wire is reduced if 


its resistance R is lowered. The equation Poo suggests just the opposite. How do you 


reconcile this apparent paradox ? 
26. What kind of wire Would you prefer in demonetrating Peltier effect—thick or thin ? 
27. What are the differences between Joule heating and Peltier heating ? 


Objective type : 
28. Mark the correct answer in the following cases :— 

(a) Aconstant voltage is applied between the two ends of a uniform metallic wire. Some 
heat is developed in it. When is the heat developed double ? 

Ans. Both the length and the radius of the wire are halved ; both the length and the radius 
of the wire are doubled ; the radius of the wire is doubled ; the length of the wire is doubled. 

[.LT. 1980) 

(b) A bulb is marked with 100 watt—200 volt ; what will be its resistance ? 

Ans. 200 ohms, 400 ohms, 300 ohms. 

c) How many joules are there in one Watt-hour ? Ans. 60 ; 3600 ; 36. 
(d) Fora constant potential difference, how will the Joule heating vary with the resistance ? 
Ans. Heating oc R ; I/R ; R° 

(e) When is the power delivered to a load by a source of e.m.f. maximum ? 

Ans, Whenloadresistance7- internalresistance ; when load resistance — interna! resistance ; 
when load resistance — internal resistance. . 

(f) What is the temperature of the hot end of a thermo-couple called when the thermo- 
e.m.f. developed has the mximum value ? Ans. Neutral temperature ; temperature of inversion, 
critical temperature, 

(g What kind of wire should you select for demonstrating Peltier effect ? 

Ans. Thin wire, thick wire, short wire. 

(h) When a current is sent round the circuit of a thermo-couple, heat is evolvcd at one 
junction and absorbed at the other. What is the phenomenon called ? 


Ans. Thomson effect ; Seebeck effect ; Peltier effect. 
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Numerical Problems : 
29. Calculate the amount of heat generated when a current of 2 amp flows for 5 minutes 


through a wire of 4.2 ohms resistance. [Ans. 1200 call] 
30. An electric heater takes 5 amp current when connected to 110 volt supply line. How 
much calorie will it produce in 1 minute ? [Ans. 7920 cal.) 


31. A cell of e.m.f. 2 volts and internal resistance 0.4 ohm is joined to two wires connected 
in parallel. If the resistance of the wire are 3 ohms and 7 ohms, compare the heat developed 


in them. [Ans. 7:3] 
32. Calculate the resistance of ‘80 watt-120 volt’ electric lamp in an incandescent state. 
[Ans, 180 ohms] 


33. Two wires of resistance 80 ohms and 120 ohms are joined (i) in series (ii) in paralle! 
with a 100-volt supply line. Determine in each case the power consumed in each resistance. 

[Ans. (i) 20 watts ; 30 watts (ii) 125 watts ; 83.3 watts] 

34. Two resistors of 6 ohm and 9 ohm are connected in series and then the combination 

is put in parallel with a 5 ohm resistor. A resistor of 2 ohm is connected thereafter in series with 

th: above combination. As a result of current flow, the rate of heat production in 5 ohm resistor 

is 21 cal/s. What is the rate of production of heat in 2 ohm resistor ? [Ans. 14.93 cal/s] 

35. An electric iron when hot, has resistance 80 ohms. What will of the cost if it is 

connected across 200-volt line for two hours, charge being 36 paisa per unit ? — [Ans. 36 paisa} 


36. What will be the current flowing in a 400-watt electric lamp connected across 200-volt 
supply line ? What is its resistance ? What will be the ccst for using the lamp for 100 hours, 
charge being 25 paisa per unit ? [Ans. 2 amp ; 100 ohms ; Rs. 10) 

37. Twolamps—both to be operated at 200-volts, one consuming 200 watts and the other 
100 watts are taken. The lamps connected in series are put across a 200-volts main supply. 
Calculate the power, in watt, consumed by each. [Joint Entrance 1976] [Ans. 22.2 ; 44.4) 


38. Two similar wires of equal lengths have diameters in the ratio 1:2. They are joined 
inseries. Compare the heat developed in the wires if a steady current passed through them for 
some time. [Ans. 4:1] 

39. An electric stove which as a resistance of 55 ohms is connected to 220 volt mains. 
Calculate he time required to heat 1 kilogram of water from 34°C to 100°C. 

[Ans. 5 mnt 12 sec. (nearly)] 

40. A heating coil of 10 ohm resistance is immersed in 40 gm of water at 0°C contained 
in a vesel whose water equivalent is 10 gm. The heating coil is connected to a battery and the 
p.d across the coil is 25 volts. How long after the connection is made, the water starts to boil ? 
[J=4.2 joules/cal[ [Ans. 5 mnt 36 sec.) 

41. An insulated wire of length 80 cm. and cross-section 0.16 sq mm is immersed in 250 gm 
of water and a current of 3 amp is passed through it. If the temperature rises by 17°C in 20 
minutes, find the resistivity of the wire, assuming all the heat goes into the water. J=4.2 joules/cal. 

[Ans. 3.306% 10-* ohm-cm] 

42. A 110 volt-500 watt heater is to be used on 220 volt mains. How much resistance is 
to be connected in series with the heater ? [Ans. 24.2 ohms] 

43. A wire carrying a current of 0.5 amp. is immersed in an ice calorimeter and melts 1 gm. 
of ice per minute. Find its resistance in ohms. Laten heat of fusion of ice=80 cal per gm. 

[Ans. 22.2 ohms] 

44. A current of 10 amp. passes through a resistor of 20 ohms for 5 minutes. Find (a) the 
charge flowing in coulombs (b) the energy expended in Joules and (c) the heat developed in 
calories. [Ans. (a) 3000 coulombs (b) 6x 10* Joules (c) 1.44 x 10* calories] 

45. If 20 coulombs of electric charge flows across a potential difference of 220 volts, how 
much work is done ? If this charge flows through a resistor, how much heat will be generated 


400 A TEXT BOOK OF PHYSICS 


init? If we assume that the current has flown for 1 minute in the above case, what is the resis- 


tance of the resistor ? J=4.2 joules/cal. 7 
[H. S. Exam. 1984) [Ans. 4400 joule ; 1047.6 cal ; 665.1 ohm] 


46. A 120-watt motor is used to operate an electric refrigerator. If the motor runs 3 of 
the time, find the cost of operating it for a 30 day month if energy costs 8 paisa per KWh. 


; [Ans. R. 2.30) 
47. The main-meter of a house is marked 10 amp-220 vclts. How many 60 watt lamps 
may be used in the house w'th saíe'y ? [H. S. Exam. 1985] [Ans. 36] 


[Hints : 2x60—10x220] 
48. In a hostel, there are 180 boarders. Each boarder uses an e'ectric lamp of 60 watts 
for 5 hours a day. Find the amount of bill for the electrical energy consumed in a month of 30 
days, if the cost of energy is 25 paisa per unit. [Ans. Rs. 405] 
49. Ina house 6 bulbs of 60 watt each and 2 fans of 40 watt each run for 6 houra day. 

If one B.O.T. unit costs 50 paisa, what will be the monthly cost ? 1 month=30 days. 
[H. S. Exam. 1981) [Ans. Rs. 39.60} 
50. Ina house, there are ten 40 watt lamps and three 100-watt fans, which run on an average, 
5 hours a day. Calculate the cost of running the lamps and fans for 30 days, electric encrgy 
being charged at 20 pa'sa per B.O.T. unit. [Rs. 21] 
51. Ina house 6 bulbs, 60 W each burn for 5 hoursa day. If one B.O.T. unit costs 50 paisa, 
what will be the monthly charge ? (1 month=30 days.) [H. S. Exam. 1978] [Ans. Rs. 27] 
52. A thermocouple whose junctions are maintained at constant temperatures has a resis- 
tance of 5 ohms and its e.m.f. as measered by a potentiometer is 3.9 mv. What will be the reading 

on a millivoltmeter of resistance 60 ohms connected directly to the thermo-couple ? 


[Ans. 3.6 mv) 

Harder Problems : 
53. In what time will 1 litre of water at 25.4°C be taken to its boiling point if the power 
supplied to water is equivalent to 1 H.P. ? [Ans. 7 minutes] 


54, Two wires A and B have same length and cross-section but the wire A tas specific 
resistance four times than that of B. What is the ratio of heat generated in respective wire if 
(i) the wi.es are connected in series tc a constant voltage source (ii) the wires are connected in 
parallel tc the same source (iii) compare the values of the ictal heat developed in the atc ve two 
cases. [Ans. (i) 4:1 (ii) 1:4 (iii) 4 :25) 

55. An electric kettle is rated at 220 volt 1 KW. It is desired to bring one litre of water 
from 86°F to the boiling point by it. If the water equivalent of the kettle is 100 £m, calculate 
the time required in the process of heating. Assume that 80% of heat produccd gocs into water. 
Calculate also the cost of electric energy consumed if 1 B.O.T. unit is charged at 25 paisa. 

(Jt. Entrance 1972) [Ans. 6 m 44s ; 3 paisa (nearly)] 

56. An electric kettle has two healing coils, When one of the coils is switched on, the liquid 

in the kettle begins to boil in 6 minutes and when the othcr is switchcd on the boiling begins in 
8 minutes. In what time will the boiling begin if both coils are switched on simultancously (i) in 
series and (ii) in parallel ? (LLT, 1975] Ans. (i) 14 mnt ; (ii) 33 mnt] 


Et - Et 
(Hints : cer t, for the Ist coil. .°, R,y=—=.t, similarly for the second coil RE. ty 
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E E*H(ty-1,) (ti+t:) tte 6x8 
Now H=— X ty —Zá——— ty H———. Ho Mau nr T Xr 
TR; PT Bt oes tpe cipe pen erg amr] 


57. A p.d. cf 130,000 volt is applied to power cables of tctal resistance 3 obms. The 
current through the cables is 9 amp. Calculate (i) the input power to the cables (ii) pe wer dis- 
sipated in the cables (iii) energy loss from the cables in 3 hours. 

[Ans. ()1:17x10* watts (ii) 243 watts (iii) 2°62 x 10* joules} 
58. A copper wire having cross-sectional area of 0.5 mm? and a length of 0.1 metre is ini- 
tially at 25°C and is thermally insulated from the surrounding. If a current of 10 amp is set up 
in this wire find the time in which the wire starts melting. The change of resistance with the 
temperature of the wire may be neglected. What will this time be, if the length of the wire is 
doubled ? Melting point of copper=1075°C, Sp. resistance of copper=1.6x 107* ohm-metre 
specific heat=9x 107* kilo cal/kg/°C ; density—9 x 10° kg/metre®. 
[LLT. 1979] Ans. (i) 9m 18 sec (ii) same time.] 
59, A 2-metre long wire of resistance 4 ohms and diameter 0.64 mm is coated with plastic 
insulation of thickness 0:06 mm. When a current 5 amp flows through the wire find the tem- 
perature difference across the insulation in steady state. Thermal conductivity of plastic= 
0.16 x 107? c.g.s. [LLT. 1974) [Ans. 2°C] 


60. A wire of resistance p connects 4 and B, two points in a circuit, the resistance of the 
remainder is Q. If without any other change being made in the circuit, (n— 1) other wires, cach 
having a resistance p are connected between A and B, show that the heat produccd in the wires 
will be greater or less than that produccd orginally in the first wire according as p is greater or less 
than 4/n.Q. U.I.T. Kanpur, 1973) 


61. A fuse made of lead wire has an area of cross section 0.2 mm?. On short-circuiting, 
the current in the fuse wirereaches 30 amp. How long after the short-curcuiting, will the the fuse 
begin to melt ? For lead, sp. heat=0.032 cal/gm/°C ; melting point=327°C ; density 11.34 
gm/c.c. and resistivity=22 x 10-* ohm cm. Assume that initial temperature of the wire at 20°C. 
Neglect heat losses. [LLT. 1976] [Ans. 0.1 sec] 

62. Three equal resistors connected in series across a source of e.m.f. together dissipate 
10 watts of power. What would be the power dissipated if the same resistors are connected in 
parallel across the same source of e.m.f. ? [.1. T. 1972) [Ans. 90 watts] 


63. Two liquids A and B of equal masses are kept in two vessels. Their sp. heats are 0.4 
and 0.8 respectively. A heater of 1 ohm resistance is immersed in liquid A and another of resis- 
tance 2 ohm in liquid B. If current is sent after connecting the heaters in series, find the ratio 
of the rate of rise in the two liquids. What will be the value of the above ratio, if the heaters 
were joined in parallel ? [L 1.7. I963][Ans. 1:1;4:1] 

64. The walls of a closed cubical box of edge 50 cm are made of a material of thickness 
1 mm and thermal conductivity 4 x 10~ c.g.s. units, The interior of the box is maintained at 
100°C above the outside temperature by a heater placed inside the box and connected acioss 
400 volts d.c. Calculate the resistance of the heater. [1.7.1971]. [Ans. 6:4 ohms] 

2 j-4 2 x 

[Hints : o-om (^7) xrper sec; Q—6x TU "x 50x100 per sec} 

65. It is desired to construct a 5-amp fuse from tin wire which has a melting point of 
230°C and resistivity 22 x 1075 ohm-metre at that temperature. Calculate the diamete of the 
wire required if the emissivity of its surface is 88x 1075 joule per cm* per second per °C excess 
temperature above the surrounding whose temperature is 20°C. [Ans. 1.1 mm] 

[Hints : Area of the surface cf the wite=27rl. Heat energy radiated per sec—27rl.e 


l 
where e=emissivity. Again resistance R of the wire= f Heat generated per sec 
—PR-P pl/nr* So, 2nrle9=i*lplrr" ; 0--230—20—210"C.] 
Ph. 11—26 
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66. Aconstant current of 1 amp flows through a platinum wire of resistance 5 ohm, stretched 
along the axis of a cylindrical tube through which a steady stream of water passes at a rate of 
15 c.c. per minute, The steady difference between the temperature of water entering and leaving 
the tube is 4.8°C. Neglecting losses of heat, calculate the mechanical equivalent of heat. 

[Jt. Entrance 1966] [Ans. 4.17 joule/cal] 


67. A heating coil is connected in series with a resistance R across 240 volt mains. The 
coil is immersed in 1500 gm of water at 20°C. The water starts boiling in 15 minuites. When 
the experiment was repeated with R short-circuited the water started boiling in 9 minutes. 
Calculate the value of R. [Ans. 18 ohms (nearly)] 


68. If the e.m.f. in a thermo-couple is 500 microvolt when the junction A is at 0°C and the 
junction B at 50°C and 600 micro-volts in the same direction as before when A is at0^Cand B 
at 100°C, What is the neutral temperature, given that the e.m.f. is proportional to the difference 
of temperature of the junctions and to the difference between the neutral temperature and the 
mean temperatures of the junctions ? [Ans. 87:5"C] 


CHEMICAL EFFECT OF CURRENT 
AND ELECTROLYSIS 


5.1. Introduction : 

When eleetric current flows through a wire or any other solid conductor, the 
conductor becomes heated but no chemical action takes place in the conductor. 
Thus, when current flows through a copper wire, the wire gets heated but 
copper does not undergo any chemical change. But the same thing does 
not happen when current passes through a liquid conductor. 1f a current is 
allowed to pass through a solution of salts, bases or acids, a chemical action 
takes place in the liquid due to which the molecules of the solute substance are 
found to break up into two charged parts. This phenomenon is known as chemi- 
cal effect of electric current. Chemical effect of current has wide applications in 
metallurgy, electroplating and in many other industrial spheres. 


5.2. Some important terms : 

(i) Ion : If anatom ora molecule has electrons more or less than the 
normal quota, they are called ions. Excess of electrons will make an atom ora 
molecule a negative ion while a deficit of electrons will make a positive ion. It 
is to be remembered that in normal condition, an atom or à molecule possesses 
as many electrons as it requires to neutralise the positive charge ofits nucleus, 
and hence in normal condition it is neutral. 

(ii) Electrolyte : A solution which conducts current through it and under- 
goes chemical decomposition is called an electrolyte. For example, copper sulphate 
solution, silver nitrate solution, acidulated water etc. are good electrolytes. But 
sugar solution although liquid, is not an electrolyte. Ordinarily, oils and pure 
water are not conductors of electricity. Although mercury is a good conductor 
of electricity yet it is not considered as an electrolyte. Solutions of salts, bases 
and acids are ordinarily good electrolytes. 

(iii) Electrodes : The two plates at which the current enters and leaves 
the electrolyte are called electrodes. The electrode at which the current enters 
the electrolyte is called the anode and that by which it leaves, the cathode. 

(iv) Electrolytic cell : The apparatus consisting of the vessel, electrolyte, 
electrodes etc in which the electrolysis is carried out is called an electrolytic cell 
or voltameter presumably because it can be used to measure the current delivered 
by a voltaic cell. The latter term should not be confused with voltmeter. 

If the electrolyte is a solution of a silver or copper salt, the voltameter is 
called a silver or copper voltameter. If the electrolyte is acidulated water, then 
the voltameter is called a water voltameter, because when a current passes through 


it, the water and not the acid is electrolysed. 
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5.3. Some illustrations of electrolysis : 

(i) Electrolysis of copper sulphate solution : Take some copper sulphate 
solution in a glass vessel and mix a few drops of sulphuric acid with it. Intro- 
duce two copper plates in the solution and 
connect a battery with the plates. Before 
passing current, make the cathode plate (C) 
clean and get its weight. Now pass current 
through the solution for some time. After 
= that take out the cathode plate, make it dry 
Voltameter and find its weight. You will see that the 
Cell plate has gained some weight. 

When a solution of copper sulphate in 
water is prepared, every molecule of CuSO, 
is dissociated into Cu** ions and SO,--ions. The positive Cu**ions will 
move towards the cathode plate and get deposited on the plate as neutral copper 
molecules. The negative SO,--ions on the other hand, move towards the anode 
plate, react with Cu molecules of the plate and form neutral CuSO, molecules 
which dissolve in the solution and keep the strength of the solution unchanged. 
So, the net result is that Cu molecules from the anode get deposited on the cathode 
plate. Consequently, the anode plate will lose weight while the cathode plate 
will gain weight. 

If instead of copper plates as electrodes, platinum plates or any inert metal 
plates are used, then at the cathode plate copper molecules will be deposited as 
before but at the anode plate, SO, —ions will react with H, molecules of water and 
will form H,SO, and O. After some time, therefore, the cathode becomes covered 
with a reddish layer of pure copper and the copper sulphate solution loses its density. 

Similarly, if silver nitrate solution is electrolysed with the help of silver 
electrodes, silver from anode will get deposited on the cathode. 


(ii) Electrolysis of water : Hoffmann devised a very convenient apparatus 
for carrying out electrolysis of water. The apparatus consists of two graduated 
tubes made of glass, fitted with taps and provided with 
platinum electrodes [Fig. 5.2]. A short cross tube joins 
the graduated tubes at the bottom. The short horizontal 
tube is provided with an upright tube and a small reser- 
voir. OXYGEN 

The taps of the graduated tubes are first opened 
and then acidulated water is slowly poured in the reser- 
voir until the graduated tubes are both full. Then 
closing the taps, current is passed from a battery. Stre- “%°°® 
ams of bubbles will come out of the electrodes which 
will collect in the graduated tubes by the displacement + 

of water. When sufficient gas has collected, the Fig. 5.2 
current is stopped. It will be seen that the vol E. 


(anode) (cathode) 
A [s] 


Fig. 5.1 


ACIDULATED 
WATER 
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Here, every molecule of water breaks up into hydrogen and oxygen atoms 
due to electrolysis and they collect as neutral gases in the tubes. As hydrogen 
ions are positively charged, they collect at the cathode and oxygen ions being 
negatively charged collect at the anode. H,O-(H*+-+-H+)+O-— 


5.4. Testing of polarity of an electric circuit by electrolysis : 

Suppose we are to find out which of the leads coming from the mains is 
positive and which is negative. We can use electrolysis for the purpose. 

Take some water in a vessel and dip the leads into water. Care should be 
taken so that the leads do not touch each other for, if they touch the whole line 
may be damaged due to short-circuiting. It will be seen that streams of bubbles 
are coming out of water from one lead. The bubbles are of hydrogen gas and the 
lead is negative because we know that due to electrolysis hydrogen gas is liberated 
at the cathode and oxygen at the anode and that in a certain time the volume of 
hydrogen liberated is double than that of oxygen. 


5.5. Faraday's laws of electrolysis : 

Michael Faraday carried out à series of. experiments on electrolysis. 
From the results of his experiments, he succeded in establishing two laws, known 
as the laws of electrolysis. : 

Law 1. The mass of ions liberated from an electrolyte is proportional to 
the quantity of electric charge that flows through the electrolyte. 

Law 2. When same quantity of electric charge passes through different 
electrolytes, the masses of ions liberated at different electrodes are proportional 
to their chemical equivalents. 

Discussion of the first law : Suppose a current of I amp. flowing through 
an electrolyte for t seconds, liberates W gm. of an ion. Here, quantity of electri- 
city passing through the electrolyte, @=/xt coulomb. So, from the first law, 
it follows that W oc Q oc I.t or, W=ZIt, where Z is a constant. 

If J=1 amp. and t—1 sec., W=Z i.e. Z is the mass of ion liberated when a 
current of 1 amp passes through an electrolyte for 1 second. This constant Z is 
known as electro-chemical equivalent (abbreviated as E.C.E.). 

Definition : The electrochemical equivalent of a substance is defined as the 
mass of it which is liberated during electrolysis by the passage of one coulomb (i.e. 
1 amp current for 1 sec) of electricity. 

For example E.C.E. of silver is "001118 gm/coulomb. It means that if 1 
coulomb of electricity passes through a solution of silver salt, °001118 gm of 
silver will be liberated. 

Discussion of second law : 

Definition : The chemical equivalent (abbreviated as C.E.) of a substance 
is the number of parts by weight of it which will combine with or replace 8 parts 
by weight of oxygen or the equivalent of any other element. It is numerically 
equal to the ratio of the atomic weight of the element and its valency i.e. chemical 
atomic weight 


equivalent= mall 
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Now, suppose, same quantity of electricity is passed through acidulated 
water, copper sulphate solution and a solution of silver salt. Due to electrolysis 
hydrogen, copper and silver respectively will be liberated in different cathodes. From 
Faraday's second law, we get that if 1gm of hydrogen is liberated, then the amounts 


of copper and silver liberated are ei gm and 108 gm respectively ; for 


1; 2° and 108 are the chemical equivalents of hydrogen, copper and silver 


respectively. 


5.6. Relation between E. C. E. and C. E. of an element : 

Consider a copper voltameter and a water voltameter through which 1 coul- 
omb of electricity is passed. From Faraday's first law, we get, W,=Z, and W,— 
Z, where W, and W, are the masses of copper and hydrogen liberated and Z, and 
Z, are respectively their electro-chemical equivalents. 


W, Z ? 

r Zi . oe (i) 

; , W G a 
Again from Faraday’s second law we, get, Wc ..(ii) 


where C, and C, are the chemical equivalents of copper and hydrogen res- 
pectively. 


453 06; C 
Hence, ZG or m Km XZ Pere. of H,—1] 


Therefore, E.C.E. of copper—C.E. of copper x E.C.E. of hydrogen. 


In general we can say that E.C.E. of any element—C.E. of the element X 
E.C.B. of H, 


5.7. Experimental verification of Faraday’s laws : 


First law : Take a copper voltameter and connect a battery, a rheostat, 
ap ammeter and a plug key in series with it as shown in fig. 5.3. Before passing 
current through the voltameter, take out the cathode plate (K), thoroughly clean 

AMMETER BATTERY  RHEOSTAT it with emery paper, wash it well under a 


= il = 1 running tap, make it dry and then 
find its weight. Adjust the rheostat 
so that the current does not exceed 
0'2 amp/sq cm of cathode surface. 
5 Put the clean and dry cathode plate 
—— 


in its position and send the current 

through the voltameter. Suppose the 

COPPER VOLTAMETER current (J amp say) is allowed to flow 
Fig. 5.3 for. t seconds. The ammeter will 


} record thè current. A stop watch is 
used to get the time of flow of current. After that the cathode is removed, washed 


Broo Soa a a g a a a o Eoo 
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and dried as before. Finally, it is weighed again. From these two weighings, 
the mass of copper deposited may be found out. Suppose it is W, gm. Place 
the cathode plate again in the voltameter and allow the same current to flow for 
a different time, say f, seconds. As before, find the mass of copper deposited. 
Let it be W, gm. : 
It will be seen from the results of the experiment that 
W,_IxXt_Q, 
A uic. HAS) Lo 8 
We DL «o 
Second law : Three different voltameters—a copper, a silver and a water 
voltameter—are connected in series with a battery, an ammeter, a rheostat and 
a plug key (Fig. 5.4. In water voltameter, a few drops of sulphuric acid are 
mixed with water. Since the voltameters are connected in series same current will 


ui SEES Ve RHEOSTAT 


AgNO; Sol2. CuSO, Sol ACIDULATED WATER 
Fig. 5.4 


flow through them. A suitable current is passed for a given time through the 
voltameters. Silver and copper will be liberated respectively at the cathodes of 
the silver and copper voltameters. In water voltameter oxygen will be collected 
at the anode. As before, find the masses of copper and silver deposited by 
weighing the cathode plates. For oxygen, find the volume of the gas collected 
at N.T.P. and from it the mass of oxygen. If the masses of elements liberated 
be W, Wa and W, respectively, then it will be found that W, : Ws : W, 
= pi : 108 :8 
2 

For what time must a current of 2:5 amp pass through a solution 
inc ? E.C.E. of Zn='0003387 gm|coulomb. 


Here W=1 gm; Z—:0003387 gm/coulomb ; 


Example 1 : 
of zinc sulphate to deposit | gm of z 


Ans. We know W=Z.It ; 
I—2:5 amp. 


1 
1—0003387x25Xt Of —u387x23 
—1181 sec.=19 mnt 41 sec. 


1'2 gm of copper are liberated when a current of 1:5 amp 


Example 2 : e 
er sulphate solution for 40 minutes. Find the electrochemical 


flows through a copp' 
equivalent of copper. 
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Ans. We have W=Z./.t. ; Here W—1:2 gm ; I—1:5 amp ; (—40 x 60 sec. 
1:2=Zx1:5x 40x 60 


12 
uber 00033 gm/coulomb. 

Example3 : How much zinc will be consumed in a battery the current from 
which deposits 60 gm of silver from a silver nitrate solution, 2075 of the zinc being 
wasted through local action ? Chemical equivalent of silver=108 and that of 
zinc—32:6. 

Ans. From Faraday's second law, we have, 
mass of zinc liberated — C.E. of zinc 


or, 


» Silver -tas » »Silver 
or, ass of zinc liberated — 32:6 
S 60 108 


mass of zinc liberated.— 25x 60—18:1 gm. 
Since 20% of the zinc is wasted through local action, the amount of zinc 
so wasted x 181=4'52 gm. 


Total amount of zinc consumed —18-1 --4:52—22:62 gm. 

Example4: 4 copper voltameter is connected in series with a water volta- 
meter and 1'5 amp current is sent through them for 20 minutes. If 0:636 gm of 
copper is deposited in copper voltameter, what gram of hydrogen is liberated in the 
water voltameter ? At wt of copper—63:6, its valency—2 ; At.wt of hydrogen 
—1:008 and its valency=1. 


Ans. As the same current flows for the same time in both the voltameters, 


we get from Faraday's second law, ds = = where Weu and Ccu are the mass 
H H 


of copper ion liberated and the chemical equivalent of copper resecptively ; simi- 
larly, Wa and Cu are the mass of hydrogen liberated and its chemical equivalent. 


Bat Count: wt. of Cv. 63:6 ind Ca AM wt. of H: 1:008 
its valency 2 its valency 1 
0:636 63:6 1 ...0:636x 2x 1:008 
"Ic x TOÀ ^ War —— 7-700 gm. (approx.). 


Example 5: 1 amp of current is required to be sent for 3 minutes to liberate 
20 cc of hydrogen at N.T-P. If an atom of hydrogen weighs 1-6 10-34 gm 
find the charge of an electron in coulomb. The density of hydrogen at N. T.P. i 
9x 1075 gml/cc EU 

Ans. We have, W—Z..t.; Here W-—20x9x10- gm ; 
3x 60 sec. ; I—1 amp. i 
W 20x9x10- 
It 180 


=3 mnt= 


Z= =10~ gm/coulomb. 
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Suppose charge of an electron=e coulomb. Since hydrogen is monovalent, 
charge of each hydrogen ion=e coulomb. From the definition of electro-chemical 
equivalent, we may say, that 1 coulomb of charge liberates Z gm of hydrogen. 
So, e coulomb will liberate Z.e. gm. Again e coulomb of charge liberates one 
hydrogen atom i.e. 16x 10-* gm. So, 

Y 16x 1077! 
1075 

Example 6: On sending a current through a silver voltameter for 16 mnt 
40 sec 2 gm 236 mg of silver was deposited on the kathode plate. What amount 
of silver will be deposited if the current is doubled and sent for 25 minutes ? 

Ans. We know, W—Z.I.t ; in the first case, 2°236=Z.I< 1000 

[2 gm 236 mg—2:236 gm ; 16 mnt 40 sec— 1000 sec.] 

In the second case, W—Z x2Ix 25x 60 


Dividing, Z .—2*25X60 .' w. 608 gm—6 gm 708 mg. 


Z.e.—]1:6x10-**- or, —]1:6x 1071? coulomb 


Example 7: A copper voltameter consists of two parallel copper plates 6 
cm. apart and \ metre square, immersed in copper sulphate solution of resistivity 
1:2<10-2 ohm-metre. Calculate the potential difference which must be established 
between the plates to provide a constant current to deposit 658 gm of copper on 
the cathode in 1 hour. E.C.E. of copper=3-29 x 107* gm|coulomb. 

Ww 658 


Ans. We know W=Z.Lt. or I4 329 10-4 3600 


amp. 


The resistance of the voltameter, 


à -2 |-a 
gpl, 12x 107 7x 6x10 *. 5, 10-4 ohm 
a ()»* 
658 x T2x 10-4 
i D.=I.R == = 0°4 volt 
Hence, required P.D.—Z.R 329 x 10-4 3600 vol 


5.8. Definition of ampere according to electrolysis : 

The International Committee, in 1910, defined the practical unit of current 
on the basis of deposition of silver due to electrolysis in silver voltameter. This 
unit is called the international ampere. 

It is defined as the steady current which when passed through a silver volta- 
meter deposits 0:001118 gm of silver in 1 second on the cathode. 


*5.9, Arrhenius’ theory of electrolysis : 

To explain different phenomena in connection with electrolysis Arrhenius 
of Stockholm (1887) proposed a theory which became known as Arrhenius’ 
theory of electrolysis. 

Arrhenius suggested that the molecules of a solute break up into atoms 
when it is dissolved in a solvent and also there is a continuous interchange of 
atoms between the molecules. Thus, at an instant, in the process of molecular 
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interchange of atoms, there is a large number of free atoms. The behaviour of 
the free atoms is similar to those of undissociated molecules. Further it is also 
suggested that these atoms are electrically charged even before the application of 
a potential difference between the electrodes. All metallic and hydrogen ions 
have positive charge and are called electro-positive while all non-metallic ions 
have negative charge and are called e/ectro-negative. In the case of a very dilute 
solution, the degree of dissociation is high and most of the molecules of the dissolved 
substance dissociate to form free ions. Thus a molecule of NaCl breaks up into 
a positively charged sodium ion and a negatively charged chlorine ion as follows : 
NaCl—Na*-4-Cl- 

The ionisation of electrolytes in the process of solution may be explained on 
the basis of electrostaticforces. The atoms of a moleculeare held together by elec- 
trostatic forces of attraction. When the salt is immersed in a solvent, say water, 
due to high permittivity of water (K=80), the electrostatic forces of attraction 


(F-£4) between the atoms are weakened and this results in the separation 


or ionisation of the atoms. 

On the basis of dissociation theory, the application of the external p.d. 
merely directs the movement of the charged ions towards the respective electrodes. 
The positively charged ions move towards the cathode and hence are called cations 
and the negatively charged ions move towards the anode and hence are called 
anions. The charges carried by the ions are handed over to the electrodes. This 
explains electrolytic conduction through liquids and electrolysis. 


5.10. Faraday and Avogadro number. ; 


Faraday is a unit for electrical charge. From Faraday’s first law we 
know that if Z be the E.C.E. of an element, 1 coulomb of electricity will 
liberate Z gm of the element from a solution of its salt by electrolysis. Hence, 
to liberate an amount of the element equal to its chemimal equivalent (or a 


mole), the quantity of electricity required — C:E of the element 


Z 
Now, E.C.E. of silver is 001118 gm/coulomb and its C.E. is 108. Hence 
to liberate 108 gm of silver, the quantity of electricity equired=— 5 = 
"00111 


=96540 coulombs (approx.). 

If similar calculations are carried out for other elementslike hydrogen, copper, 
zinc etc., it will be seen that same amount of electricity viz. 96540 coulombs is 
required to liberate a quantity of those elements equal to their chemical equivalents. 
This amount of electricity is known as one Faraday (F). 


^. 1 Faraday=96540 coulombs. 
Avogadro number: Taking the case of silver, say, we have seen that 96540 
coulombs of charge are carried by the atoms in a mole of silver. As silver is 


monovalent, the charge carried by each silver atom (or ion) is e, where e is the 
electronic charge— 1:6 x 10-1? coulomb. 


3 
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i 96540 
Number of atoms in 1 mole- — — — ,—6: 23 i 
is xig 6:03 x 1028 (approx.) 

If similar calculations are carried out for other elements, it will be seen that 
the number of atoms in 1 mole of every element comes out as above. Hence it 
is a constant quantity and is known as Avogadro number (Na). 

It should be noted that 96540 coulomb is the charge on 1 moie of electrons 
i.e. eNA—F. 


5.11. Atomicity of electricity : 


As a piece of matter is supposed to be composed of a large number smallest 
units of matter, known as atom, a certain quantity of electric charge, in the same 
way, is supposed to be made up of a large number of smallest unit, called an atom 
of electricity. This concept of atomicity of electricity comes from Faraday’s 
laws of electrolysis. The charge contained by an atom of electricity can be obtained 
in the following way. 
gram-atom Further 

valency 


a gram-atom of the substance contains N atoms, where N is the Avogadro 
number. If each of these N atoms carries a charge e in the ionised condition, 
then the total charge carried by the chemical equivalent of the substance 


We know that the chemical equivalent of a substance— 


E charge carried by Matom 1 NE where x=valency of the substance. 
Valency x 


From Faraday's laws we know that one Faraday or 96540 coulombs of 
charge are necessary for liberation of chemical equivalent of the substance. 


Ne | . 96540. 96540 are T 
Fes or e=- 7 corpos 7l 6x 1071? x x coulomb. 


Since valency of a substance is essentially a positive integer (1, 2, 3, etc), the charge 
e carried by an ion must be an integral multiple of 1:6 10?? coulomb. Mono- 
valent ions, for which x—1, necessarily carry the smallest amount of charge viz 
1:6x10-??coulomb. Any charge smaller than this is inconceivable and hence 
this amount of charge is referred to as an atom of electricity. i 

Strangely enough, after about thirty years, when electron was discovered, it 
was found that the charge carried by an electron was 1:6 10-1? coulomb. Elec- 
tronic charge was, therefore, considered as the smallest possible charge available 
and was taken as a unit of charge. 


Example 1: The electro-chemical equivalent of silver is 1:118x 107. gm/ 
coulomb and the atomic weight of silver, which is monovalent, is 108. Calculate 
the ratio of the charge to the mass of a hydrogen ion (proton). 


Ans. By definition, the E.C.E of silver (Z) is the mass of silver liberated by 
one coulomb. Since silver is monovalent, the positive charge carried by each 
ion is the same as that on the proton i.e. e coulombs. 
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By Avogadro’s hypothesis, the number of silver atoms in one gram-atom 
(i.e. 108 gm.) is equal to Avogadro number Na. Hence, the number of silver ions 


i hen ch: f coulomb ME eiie 
deposited when charge of one co p i98" 
Hence, charge on each ion— E fin s coulombs. 


Z.NA]MOS | Z.NA 
1 gm. of hydrogen contains Na atoms also, so that mass of one hydrogen 


: 1 
atom is given by Ma= A gm. 


charge on proton (e) 108: N^ 108 108 


mass of proton (Ma) Zx Na Zl bE Xx 1073 
—9:654 x 104 coulomb/gm. 


Example 2: Jf 96,540 coulomb of charge liberate 1 gm equivalent of ion 
of an element, in what time will 0-15 amp liberate 20 mg of copper from copper 
sulphate solution ? Chemical equivalent of copper=32. 


Hence, 


Ans. We know, 1 Faraday or Gees dierucal equivalent. 32 
: : Z Z 


Fogo. gm/coulomb 


96540 
32 
w= elle -3—_-— X0 
Now, Z..t or 20x10 96540 015xt 
20x 1073 x 96540 
——— —— 860—402 sec—6 mnt 42 
9 15x32 sec sec=6 mni sec (nearly) 


5.12. Determination of current in a circuit by the application of electrolysis : 


By the application of electrolysis, we can find the current in a circuit in the 
following way. It can also be used to find the error in a particular reading on 
an ammeter, if a standard ammeter is not available. 

Take a copper voltameter. Make its cathode plate clean and dry. Find 
its weight in a balance. Now connect the circuit whose current is to be determined 
with the voltameter, taking care that the negative terminal of the circuit is joined 
to the cathode plate. Allow the current to flow through the voltameter for some 
time. Note the interval with the help of a stop watch. After stopping the current, 
remove the cathode plate. Wash the plate and make it dry. Weigh the plate 
again and find the mass of copper deposited. Let it be W gm. 

We know, W-—Z.I.t. ve i 

Z.t. 

So, knowing W, t and Z, the current 7 can be calculated. 

To correct the reading of an ammeter, the instrument is to be included in 
the circuit. The error in the ammeter is then the difference in the reading on the 


ammeter and the current calculated from the above equation. See example 
No. 2 below. 


EM ci dinis 
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Example 1 : A copper voltameter is connected in series with a battery and 
a current is passed for 1 hour. It is found that 1:1 gm of copper has been deposited 
on the cathode. If E.C.E. of copper is 00033 gm|coulomb, what is the current 
flowing through the voltameter ? 


Ans. We know, W—Z.Lt. or I= 


Here, W=1'1 gm ; Z=:00033 gm/coulomb ; t=60 x 60 sec. 
13 E 11 
:00033:x60x60 :33x6x6 


Example 2: The current which liberates 0:85 gm of copper in 25 minutes is 
allowed to pass through a copper sulphate solution taken in a copper voltameter. 
An ammeter connected in series with the voltameter reads 1'7 amp. What is the 
error in the reading of the ammeter ? E.C.E. of copper—3:29 x 107* gm|coulomb. 


I= —0:926 amp. 


Ans. We know, Tere here W—0:85 gm; t=25x60 sec. and Z= 


3:29x10-* gm/coulomb. 

A 0:85 .. Q85x10* 
7329x104x25x60 329x22x6 
The error in the reading—1:722— 1:7—0:022 amp. (less). 


I =1:722 amp. 


5.13. Minimum potential difference required for electrolysis of water : 

When one gm-molecule of water is electrolysed, 2 gm-equivalents of hydro- 
gen is liberated at the cathode and one gm-equivalent of oxygen at the anode. 
The quantity of charge necessary to liberate 2 gm-equivalent of hydrogen= 
296,540 coulombs. 

If V be the p.d. between the electrodes, the amount of work done= 
2x 96,540 V joules. The work done must necessarily be greater than the amount 
of energy required to separate 1 gm-equivalent of oxygen from hydrogen in water. 
Form calorimetric studies, it is found that 68400 calories of heat is absorbed in 
the formation of 1 gm-molecule of water. Taking J=4:2 joules/cal, 68,400 
calories=68,4000 x 4:2. joules. 

2% 96,540 x V—68,400x 42 or V=1'48 volts. 


This is the minimum potential difference necessary to maintain the current. 
It is, thus, clear why a single Daniel cell is not sufficient for electrolysis of water. 
It would, of course, start a current but when polarisation begins, the back e.m.f. 
due to it rises until it equals the e.m.f. of the cell, when, of course, the current 
will cease to flow. 


5.14. Practical applications of electrolysis : 
Electrolysis finds its application in many branches of industry, some of 
which are briefly discussed here. 
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(i) Electroplating : It is a process of giving base metals a coating of 
mo re expensive metals. It serves a double purpose. Not only does it protect 
the base metals from atmospheric corrosion but 
it also provides a more attractive appearance. House- 
hold cutlery and other articles made of nickel alloys 
are usually given a coating of silver by this process. 
The articles to be electroplated are generally suspended 
from a conduction rod in a vessel, which contains 
a solution of the salt of gold, silver etc. i.e. the subs- 
tance with which the articles are to be electroplated. 
: From another conduction rod is suspended a plate 
AgNO; Sole.” of pure silver, copper etc. whose coating is needed. 

L— — If, now a battery be connected with the conducting 
PURE SILVER PLATE rods, current will flow through the solution and the 

Fig. 5.5 articles will get a layer of the desired metal on them 
[Fig. 5.5]. In this way, when iron is given a coating of zinc, it is called galvanised 
iron. 


(i) Electrotyping : To obtain exact copies of engraved blocks on metals, 
the process of electrolysis is applied. For this purpose, the mould of the block 
is first prepared from a soft material like wax and the block is then pressed against 
the mould. The wax mould thus gets an impression of the block. The surface 
` of the mould is coated with powdered graphite inorder to make the surface a con- 

ductor of electricity. The mould forms the cathode, a copper plate the anode 

-and copper sulphate solution the electrolyte in a copper voltameter. When 
current is passed, copper is deposited on the surface of the mould. "When the 
thickness of the copper deposit is sufficient, it is removed from the mould. It 
can be used many times without any damage. 


Gramophone records are also made in this way. 


(ii) Extraction and purification of metals : 


The process of electrolysis is widely applied in metallurgy in extracting 
metals like aluminium, sodium, potassium etc. from their ores and purifving 
extracted metals like, zinc, copper etc. It is also used in the manufacture of some 
useful chemicals like caustic potash etc. Details are available in any text book 


of Chemistry. 

Example 1: A spoon having an area of 20 sq mm is to be coated with a 
silver coating to a thickness 01 mm. If a current of 0:15 amp is used, calculate 
the time for which it must flow. E.C.E. of silver—001118 gm|coulomb ; density 
of silver=10'5 gmlcc 

Ans. Area of the spoon=20 sq mm. =0'2 sq cm. 

Thickness of the coating—0:1 mm.=0'01 cm, 
Volume of the silver liberated—0'2 x 0:01 cc 
Mass of the silver liberated=0-2 x 0:01 x 10:5—0:021 gm. 
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We know, W—Z.L.t. or t—7—. 
ZL 
Here, W=0'021 gm ; Z=0-001118 gm/coulomb ; 7—0:15 amp. 
m 0:021 
0:001118 x 015 
Example 2: A plate of area 10 sq cm is to be electro-plated with copper 
(density 9 gm[cc) to a thickness of 0:001 cm on both sides, using a cell of 12 volts. 
Calculate the energy spent by the cell in the process of deposition. E.C.E. of copper 
—3x 10-4 coulomb/gm. {LLT. 1971] 
Ans. Since both the surfaces are to be plated, the total area—10--10— 
20sq cm. Mass of copper to be deposited W=20x 0:001 x9=0:18 gm. From 
" W 018 
Faraday's law, the charge Q= FAI x Wim coulombs. 
the required energy —volt x coulomb=12 x 600— 7200 joule. 
Example3: 4A silver and a copper voltameter are connected in parallel to 
a 12 volt battery of negligible internal resistance. In 30 minutes, 1 gm of silver and 
1:8 gm of copper are deposited. At what rate energy is being delivered by the 
battery ? ULT. 1975] 
Ans. Let i, and i, be the current that passed through the silver and copper 
voltameters respectively. For silver voltameter, 1112x107 x i4 X 30 x 60 
104 
1800 x 11:2 


t sec—125 sec.—2 mnt 5 sec. 


or ij— —0:49 amp. 


DEN . r8x10* 
For copper voltameter, 1:826:6x 10-* X i; X 30x 60 or i= ae 


amp. Total current i=i,+i,=0°49+1'52=2°01 amp. 
Rate of energy delivered—volt x current=12x 201 —24-12 watt. 


Exercises 


Essay type : 
LIA 

1. How is a current conducted through an electrolyte ? ; 

2. Describe briefly what happens when current is allowed to pass through a copper sulphate 
solution with (a) copper electrodes and (b) platinum electrodes. 

3. State Faraday’s laws in connection with electrolysis. How would you verify them 
experimentally ? Define ‘chemical equivalent’ and ‘electro chemical equivalent.” 

LH. S. Exam. 1979; 81, ’83] 

4. Describe how current flowing in a circuit may be determined by the application of 
electrolysis. Draw a neat diagram of the arrangement and clearly indicate the cathode and the 
anode. 

5. Explain Arrhenius theory of electrolysis. 

6. Mention some practical applications of electrolysis and give a brief description of 


them. 
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7. Write notes on the following : (a) relation between electro-chemical equivalent and 
chemical equivalent. (b) Faraday (c) Electroplating. [H. S. Exam. 1981) 


Short answer type : 
8. Explain the following terms : (i) Ion (ii) Electrolyte (iii) Electrolysis (iv) Electrolytic cell. 
9. What is the difference between a voltaic cell and an electrolytic cell ? 
10. What is an electrolyte ? Is sugar solution an electrolyte ? Do you consider mercury 
a good electrolyte ? 
11. What do you understand by the statement that the electro-chemical equivalent of silver 
is 0:001118 gm./coulomb ? 
12. What is the relation between the E.C.E. of an element and E.C.E. of hydrogen ? 
13. What are the differences between the conduction of electricity through soild conductors 
and liquid conductors ? 


Objective tvpe : 
14. Answer ‘yes’ or ‘no’ in the following cases : 
(i) Is pure water regarded an electrolyte ?. 
(i) Isthe weight of the anode plate increased when copper sulphate solution is electrolysed 
with copper electrodes 7— 
(iii) Is Faraday a unit of electric charge ?—— 
(iv) Is hydrogen liberated at the anode when water is electrolysed ?. 
(v) Is electrochemical equivalent of an element equal to the ratio of its atomic weight and 
valency ?. 


Numerical problems : 
~ 15. How much silver will be deposited in 1 hour when a current of 0-1 amp is passed through 
silver nitrate solution ? .E.C.E. of silver— 0-001118 gm/coulomb. [Ans. 0:402 gm.] 


16. A current of 2 amp passing for half an hour through a water voltameter liberates 
423 cc of hydrogen measured at 13*C and 80 cm pressure. Calculate the E.C.E. of hydrogen 
given 1 litre of hydrogen at N.T.P. weighs 0-089 gm. [Ans. 1:05x 107^ gm./coulomb] 


17. Ina copper voltameter the mass of copper deposited is 1:5 gm in 10 minutes. If E.C.E. 
of copper is ‘000328 gm/columb, find the current flowing through the voltameter. [Ans. 7:62 amp] 


18. A silver voltameter and a copper voltameter are connected in series with a battery and 
anammeter. 1:8 gm of silver is liberated in 30 minutes by 0°89 amp of current. Find (a) the 
E.C.E. of silver and (b) the mass of copper deposited. [Chemical equivalents of copper and silver 
are 318 and 108 respectively.] [Ans. (a) 0-00112 gm/coulomb (b) 0:53 gm.] 

19. How long would it take to deposit 0*1 mm thickness of copper on one side of a circular 
plate of metal of radius 2:5 cm, if the current passing is 1:25 amp ? E.C.E. of copper=0-00033 
gm./coulomb ; density of copper—8:9 gm per cc [Ans. 1 hr 10 mnt 38 sec] 

20. Ina circuit, there are a battery of negligible resistance, a resistance box and a voltameter. 
When 5-ohm resistance is put in the resistance box, 0:36 gm of copper is liberated in the volta- 
meter in 10 minutes. But when 10-ohm resistance is put, 0-48 gm of copper is liberated in 20 
minutes, Calculate the resistance of the voltameter. [Ans. 5 ohms] 

21. In a copper voltameter, copper is deposited on a cathode plate of 60 sq cm area by 
3 amp of current. Find the thickness of the copper deposited in 30 minutes, given density of 
copper=9 gm/cc ; E.C.E. of copper=-000329 gm/coulomb. [Ans. 0-00329 cm.] 

22. A current of 2 amp. is allowed to pass through a copper sulphate solution for 4 hours 
27 minutes. Find the thickness of the copper deposited on one side of an electrode measuring 

5 cm 6 cm E.C.E. of copper=0-00033 gm/coulomb ; density of copper=8-9 gm/cc 
[Ans. 0-0396 gm] 
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23. In the electrolysis of water 83:7 c.c. of hydrogen were collected at a pressure of 68 cm 
of Hg and at 25*C when a current of 0-5 amp had been passed for 20 minutes. What is the 
E.C.E. of copper in copper sulphate solution.? At wt. of Cu=63:57, At. wt of H,=1:008, 
density of Ha at N.T.P.— 0:089 gmjlitre. [ oint Entrance 1984] 

[Ans. 3:241 x 107* gm/coluomb] 

24. If an electric current passes through a copper voltameter and a water voltameter in 
series, calculate the volume of Hs which will be liberated in the latter at 25*C and 78 cm. of Hg 
pressure, while 5x 107? gm of Cu is deposited in the former. E.C.E. of Hy=1:04x 107" gm/c; 
E,C.E. of Cu=3'3 x 107* gm/c, density of H4 9x 107° gm/cc at N.T.P. [Ans. 18:6 cc] 

25. Inan experiment analysing an aqueous solution of CuSO,, between copper electrodes, 
0-477 gm of Cu are deposited on the cathode when a current of 0-8 amp fiows for 30 minutes. 
Calculate the atomic weight of copper. Copper is diavalent. [Ans. 63:8] 


[Hints : Apply the formula, z=% i where A=at.wt. and F=Faraday=96540 


coulomb]. 

26. A steady current of 5 amp is passed through a silver voltameter in series with a coil 
of wire of 10 ohm resistance immersed in 200 gm of water. What will be the rise of temperature 
of the latter when 0-1 gm of silver has been deposited ? E.C.E. of Ag=-001118 gm/c ; J=4:2 
joule/cal ; thermal capacity of the coil and vessel=10 cal. [Ans. 5:07*C] 

[Hints : Apply the relations: W=Z.Lt.and m.s.0=PR.t/J.] 

27. A Daniell cell sends current 0-1 amp for 45 minutes. Calculate the change of mass 
of the copper and zinc electrodes, given that E.C.E. of copper=0-00033 gm/coulomb ; C.E. of 
Cu=31°8 ; C.E. of Zn=32°6. [H. S. Exam. 1983] (Ans. Zn plate loses=0-091 gm, copper plate 

gains=0-089 gm] 


Harder Problems : 


28. An unknown current sent through a copper voltameter liberates 0-000328 gm/coulomb 
onthe cathode. What is the strength of the current ? [Ans. 1 amp] 
29. In a voltameter there is silver nitrate solution. How much current is needed to liberate 
0-805 gm of silver at the cathode in one hour ? E.C.E. of silver— 1:118 x 107*gm/coulomb. 
[Ans. 0:2 amp.] 
30. If 1 amp of current liberates 0-65 gm of copper in 33 minutes from copper sulphate 
solution, what is the E.C.E. of hydrogen ? Atomic wt of Cu=63 and valency —2. 
[Ans. 1:042x107* gm/coulomb] 
31. A battery of negligible resistance, a resistance bex and a copper voltanieter are all 
copnected in series. When a resistance of 2-5 ohm is put in the 1esictarce box 0°72 gm of copper 
is liberated in the voltameter in 20 minutes. Agein when 5 chm is put in tLe box, 0:24 gm of 
copper is liberated in 10 minutes. Calculate the resistance of the copper voltameter. 
[Ans. 2:5 ohms] 
22. A 6 volt cell of negligible internal resistance is connected in series with a Joule's calori- 
meter anda copper voltameter. The heating coil of the calorimeter has a resistance of 3 ohm 
and the water equivalent of the calorimeter is 240 gm. The water equivalent of the voltameter 
and its contents is 600 gm. If in 12 minutes, the rise in temperature of the calorimeter is 4-2°C, 
find (a) the mass of copper deposited on the cathode of the voltameter (5) the resistance and the 
rise in temperature of the voltameter (c) If the level of the electrolyte in the voltameter is doubled 
and part of electrodes still remain above the liquid, explain how the resistance of the voltameter 
will be affected. [LLT. 1968] [Ans. (a) 0:332 gm (b) 1:3 ohm ; 0°72°C (c) halved} 
33. What fraction of the electrical energy spent is converted into chemical energy when a 
6-volt battery is used to electrolyse water ? E.C.E. of hydrogen=1:04x 10-* gm/coulomb and 


combustion of 1 gm of hydrogen to form water liberates 35000 calories (1 calorie=4°2 joules). 
[Ans. 0:255] 


Ph. II—27 
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34. How many atoms of copper (II) will be liberated by 48250 coulombs of electricity 
ina copper voltameter? Avogadro’s number 6:04: 10°? — (Jt. Entrance 1984) [Ans. 1-51x 10] 
35. A current is passed for 45 minutes through acidulated water and the hydrogen liberated 

is dried and collected over mercury. If the volume of hydrogen is 430 cc at 68 cm pressure and 
15°C and an ammeter through which the current also passes reads 1:2 amp, what is the error of 
the ammeter ? [Ans. —0-04 amp.) 
| 36. A charge of 10* coulomb is passed through a circuit containing a water voltameter and 

a copper voltameter in series. How much hydrogen will be liberated and how much copper will 
be deposited ? E.C.E. of H4 1:05x 1075 gm/c, At. wt. of Cu-63*6; Valency of Cu=2, C.E. 


of H,21:008, Ut. Entrance 1982} [Ans. 0:105 gm ; 3:34 gm) 


—— ——— 


- 


ELECTROMAGNETISM 


A. Action of electric current on magnet 


6.1. Oersted's experiment : 


Some of the most important technical applications of electricity depend on 
the fact that a current produces a magnetic field in its neighbourhood. This 
connection between magnetism and electricity was first discovered by the 
Danish Physicist Hans Christian Oersted in 1820, His experiment was as 
follows : 

He took a wire AB through which a current can flow. The wire stretched 
north and south and below the wire was kept 
a magnetic needle. When no current flew 
through the wire, the needle remained in the 
north-south position (shown by dotted lines 
in fig. 6.1). As soon as the current passed - 
along the wire, the needle got deflected and 
took up a position nearly perpendicular to the 
wire. When the direction of the current was 
reversed the needle again set itself at right angles 
to the wire but with its ends reversed. . 

Keeping the direction of current in the wire Fig. 6.1 
same, the deflections of the needle were found to be opposite when the wire is 


NX P y NAT 
XE dd d s 


WIRE BELOW THE 
i NEEDLE 


| WIRE ABOVE THE 
| NEEDLE 


Fig. 6.2 


above and below the magnetic needle. These different conditions are shown in 


fig. 6.2. 

This experiment of Oersted conclusively proves that electric current produces 
a magnetic field surrounding it. It is worth-while to point out here that, this 
magnetic field does not magnetise the conductor carrying the current ; for if some 
iron filings be brought near the conductor, the filings will not be attracted by the 
conductor. It is also to be pointed out that if the wire carrying the current, is 
stretched at right angles to the axis of the magnetic needle the wire will not deflect 
the magnetic needle, although it will produce its own magnetic field, 
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6.2. Rules for the direction of deflection of the magnetic needle : 


From the above experiment we have come to know that the direction of 
deflection of the needle depends on the direction of the current and also on 
whether the wire is above or below the needle. The following rules may be 
applied to find the direction of deflection of the needle due to a current : 

(1 Ampere’s swimming rule: Let the observer imagine himself to be 
swimming along the wire in the direction of the current 
with his arms outstretched and facing the needle. Then 
the N-pole of the needle will be deflected towards his 
left hand. [Fig. 6.3]. 


E 


Fig. 6.3 


(2) Maxwell’s cork-screw rale : Imagine a right- 
handed cork-screw to be driven along the wire in the 
direction of the current. The direction in which the 
thumb rotates gives the direction of deflection 
of the N-pole of the needle. [Fig. 6.4]. 


(3) Thumb rule : ‘Stretch the first three 
fingers of your right hand so that they are 
at right angles to each other. If the forefinger 
points to the direction of current and the 
middle finger towards the magnetic needle, 
then the thumb gives the direction in which 
the north pole of the needle is. deflected. 
Fig. 6.4(a) [Fig 6.4(a)] 


Fig. 6.4 


6.3. Laplace'slaw : Electromagnetic unit of current : 


Laplace's law gives us a quantitative estimation of the inteasity of the magne- 
tic field created by a current passing 
through a conductor. The law is also Fr. p 
known as Biot-Savart's Law. ^ 


Consider a current i) flowing in a: : uA EA 
conductor XY cf length / in the direction Q*. K^ 
from X to Y (Fig: 6.5). Let us takea small re) 
element AB of length 8/ of the conductor. 

Now, the intensity of the magnetic field B 


ata point P due to this current element 
according to Laplace’s law is (i) propor- 
tional to the length 8/ of the element 
(i) proportional inversely to the square Fig. 6,5 


pm MR TTE 
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of the distance r of the point P from the current element (this distance is called 
radius vector) (iii) proportional to the sine of the angle («) between the direction 
of the current and the radius vector and ( v) proportional to the strength of the 
current (i) 

Hence if 8F be the intensity of the magnetic field at P, due to the current 


òl. sin x K. i. 8l. sin « 


element then, 8Foc TT ME F= "i where K is the constant of pro- 


portionality.. It depends upon the unit of current chosen. 


This direction of this magnetic field is perpendicular to the plane containing 
the element 8/ and the radius vector. In the fig. 6.5 the plane in question is 
the plane of paper and hence the magnetic field at P is perpendicular 
to the plane of the paper. If the direction of the current be as shown in the diagram. 
the field will be directed from front to back. But if the point P is situated towards 
the left of the conductor the field is from back to front. It may be ascertained 
by the application of any of the rules mentioned earlier. 

To find out the magnetic field at P due to the whcle conductor we are to 
divide the conductor into a number of small elements like 5/ and sum up the total 
effects at P. Mathematically it can be written as 


= Kil sina 
Fen 


As to why the magnetic field at P is proportional to sin «, will be clear from fig. 6.5 (b). 
The current element AB may be resolved ,as far. as its effect at P is concerned, into two compo- 
nents AB cos « along OP and AB sin «along OQ. Since P lies on the formir component, the 
distance of P from the component is zero and therefore, the field is zero. Hence, it is the compo- 
nent AB sin « which is effective in producing the effect at P. 


Electromagnetic unit of current : If in the Laplace's equation we put 
8/—1, «=90°, r=1 and F=1, and if the corresponding current in the element 
be called a unit of current, then K—1. This gives us a definition of the é/ectro- 
magnetic unit of current. 


Definition : One eletromagnetic unit of current is defined as the current 
which when flowing through a wire of circular arc of length 1 cm. (l=1 cm.) and 
radius 1 cm. (r=1 cm.) produces a magnetic field of 1 oersted (F=1 oersted) at the 
centre of the circular wire. 

Here «=90° or, sin «=l, because radius is perpendicular to a small 
element of the circular wire. 


According to electromagnetic unit of current, M arto and 


il sin a M T 
f= 2 —1— where i is the current in e.m.u. 
r 


The relation between the practical unit of current ‘ampere’ and the elec- 
tromagnetic unit of current is as follows :- 


10 amperes—1 e.m.u. of current 
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6.4. Mapping of magnetic lines of force due to current : 


(i) Current in a straight conductor ; Since an electric current has a mag- 
netic effect, we should expect it to be surrounded by lines of force. The following 
experiment demonstrates the lines of force due to a current flowing in a straight 
conductor. 


Experiment : PQ is a straight wire passing through a hole on a piece of 
Q cardboard (Fig. 6.6). Some iron-filings are scattered 
over the cardboard which is held in a horizontal 
CURRENT position. If a strong current is now sent through 
- the wire and the cardboard is slightly tapped, the 
filings will be found to arrange themselves along 
concentric circles around the wire, This arrangement 
CARD-BOARD| LINES OF FORCE Of iron filings represents the lines of force. If the 
current passes from P to Q, the direction of lines of 
force are such as shown in fig. 6.6. If the current is 
reversed, the lines of force are still circles but in the 
opposite sense. The direction may be obtained by applying any of the three 
rules mentioned earlier. 


Fig. 6.6 


If a current ; amp. flows in a long straight conductor, the magaetic field 
I 


F at a distance r from the conductor is given by F =a Ew... (i) 
" 


If the current is expressed in e.m.u., dea 
r 


(ii) Current flowing in a circular conductor : Fix a short circular wire 
of several turns to a thin piece of cardboard on which are sprinkled some iron 
filings [Fig. 6.7]. When a strong current is passed LINES OF 
through the coil and the cardboard tapped gently, See 
the iron-filings arrange themselves in a definite 
pattern as shown in the figure which represents the 
magnetic lines of force. If the lines are carefully 
observed it will be seen that near the wire, the CUTE 
lines are concentric circles around the wire but  80^8O 
near about the centre of the coil, the lines are 
straight, parallel and perpendicualr to the plane T 
of the coil. We can, therefore, conclude that the Fig. 6.7 
magnetic field due to a circular current is uniform and perpendicular to the 
plane of the coil over a small area round the centre of the coil. 


Let i e.m.u. of current flow along a circular coil of radius r; Consider a 


small element of the coil of length d/ [Fig. 6.8]. The magnetic field produced 
by the element at the centre O of the coil, according to Laplace's law, is 


aF-— i. dl. sin « 
r? 
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In the present case, d! and r being perpendicular to each x «2902; 


So sin «—1 Hence, apt d 
r 


Since 7 and r are constant over the entire length of the 
coil, the magnetic field at O due to the whole coil is 


Fer. I X del dxanre mti If the coil has 


n turns, the field intensity at O is goat E (ii) Fig. 6.8 
r 


If i be expressed in amperes, r= 
Such a uniform magnetic field is used in a tangent galvanometer which 
is described in art. 6.7. 
Example 1 : A circular coil of wire of radius 0*1 metre has 200 turns. If 
a current of 5 amp flows through the coil, find the intensity of magnetic field at the 
centre of the coil. 
Ans. The magnetic field at the centre of a circular coil is, 
2Qrni 
F———. where i is in amperes, 
10r 
Now, n—200; i=5 amp; r=0'l metre=10 cm. 
2X 3:14 2005 _ 65.8 Oe. 
10x 10 
Example 2 : Two circular coils of wire, each of 100 turns are placed con- 
centrically—one in the horizontal plane and the other in the vertical plane. The 
radius of the vertical-coil is 20 cm while the radius of the horizontal coil is 40 cm. 


The current flowing in the vertical and horizontal coil are z amp. and amp 


respectively. Find the magnitude and direction of the resultant magnetic field at 


the centre. 
Ans. Let the coil A be vertical and the coil B 


horizontal [Fig. 6.9]. O is their common centre. 

The field at O due to the current in the coil A is 
2m 2x22x100x7 | Oe 

lor 10x7x20x22 

Since, the plane of the coil is vertical, the 

intensity F, lies in the horizontal plane. Again 
the field at O due to the coil B is 

2xni 2x22x100x14 

Fe= = 10x7x40x22 


F= 


=1 Oe 


Fig. 6.9 
Since the plane of the coil B is horizontal, the intensity F, lies in the vertical 
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plane.: If F be the resultant intensity at O, then F—ARFSTFQ-—4/2 Oe and it 
is inclined at an angle of 45° to the horizontal or the vertical, 


(iii) Current flowing in a solenoid : If a long insulated wire is wound on 

an insulating cylinder in such a way that every turn of 

| the coil is at right angle to the axis of the cylin- 
qu der, then such a coil is called a solenoid (Fig. 6.10) 
When an electric current is passed through such 


Fig. 6.10 a solenoid, the resultant magnetic field is very similar 
to that of a bar-magnet. This can be demonstrated in the following way. 


A solenoid is fixed on horizontal cardboard in such a yt that its axis lies 
on the cardboard. Someiron-filings are sprin- 
kled on the cardboard and a current is passed 
through the solenoid. On tapping the card- 
board gently, the iron filings will arrange them- 
selves in a pattern suggesting the lines of force 
of a bar-magnet (Fig. 6.11). For this reason 
itis said that a current-carrying solenoid behaves 
iike a bar-magnet. 

Fig. 6.11 shows the nature of lines of force 
inside and outside the solenoid. Inside the 
solenoid, the lines of force are more crowded 
and parallel to the axis of the solenoid while 
outside the solenoid, the lines of force are 
similar to those of a bar-magnet. One end of Fig. 6.11 
the solenoid acts like a N-pole and the other like a S-pole, 


Tf a current of i amp flows in a long solenoid, the magnetic field at a point 
on the axis of the solenoid and inside it is given by Fe where n--no. of 
turns per unit length of the solenoid. 

Ifthe current is expressed in e.m.u, F=:4nni. 


Rule for the polarity of a solenoid carrying a current : 


When viewing one end of the solenoid, it will be of S-polarity if the current 
flows in a clockwise direction and of N-polarity 


if the current flows in an anticlockwise direction 
[Fig. 6.12]. 
De la Rive’s floating battery : 

It has been mentioned in the previous article 


that when a current passes through a solenoid it 

Fig. 6.12 becomes a magnet and from the distribution of lines 

of force, it is seen that the solenoid behaves like a bar-magnet. The fact may be 

demonstrated by the following arrangement knownas De la Rive’s floating battery 
[Fig. 6.13]. 


Two plates of zinc and copper are dipped in dilute sulphuric acid con- 
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tained in a wide and fairly tall test tube. Two thick wires are then soldered to 
the plates and they pass through a piece of cork which closes the mouth of the 
test tube. A spiral wire forming a soleniod is 
connected to the ends of the stout wires, The 
whole arrangement is then allowed to float in water. 
To make it float upright some mercury is put in the 
test tube. 

When floated in water, the test tube will assume 
such a position that the axis of the solenoid is 
placed along north-south direction (shown by dotted 
lines in the diagram). If the test tube is disturbed, 
it will again take up the previous position after a 
few oscillatous just as a freely suspended magnet 
always takes up the north-south position. Why does 
it happen so ? 

The plates of zinc and copper together with 
sulphuric acid form a simple cell. A current flows from Fig. 6.13 
copper plate to the zinc plate throvgh the solenoid. The end of the solenoid 
where the current flows in anticlockwise direction, develops a north pole and the 
other end a south pole. As a result, whole arrangement turns until the solenoid 
sets itself along the magnetic meridian just as a freely suspended magnet does. 

The development of N-polarity at the end of the. solenoid when current 
is anticlockwise may be demonstrated by holding the N-pole of a magnet near 
that end and noticing the consequent repulsion, 


6.5. Magnetic field due to a current in a loop of wire : 

If the terminals of a battery are joined by a wire which is simply doubled 
back on itself as shown in- fig. 6.14 then the current flowing through the wires 
will produce no magnetic field. Each element on the 


MN outward run of the wire, such as MN, produces 
ary a magnetic field equal in magnitude but opposite 

in direction to the field produced by the corres- 

Fig. 6.14 ponding element PQ of the inward run and hence 


they cancel each other. But as soon as the wire 
is spread out in the forma rectangular loop say, its magnetic field appears [Fig 6.15]. 
At any point inside the loop, the field is very 
strong because at the inside point all the elements N 
of the loop produce magnetic fields in the same M 
sense as can be seen by applying Maxwell’s 
corkscrew rule to each side of the rectangular 
loop MNQP. These fields are, therefore, added 
up and the resultant field becomes, very strong. 
At any point outside the loop, but near NỌ say, Q 
corresponding elements. like PM and NQ produce P 
opposing fields but the point being situated at Fig. 6.15 
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different distances from the corresponding elements (PM is further away thai. 
NỌ) the fields do not cancel ; a weak resultant field appears at the point. 

For this reason a feeble current flowing in a straight wire may not deflect 
a magnetic needle but if the wire is bent in the form of a rectangular loop around 
the magnetic needle, it may produce deflection of the needle. 


6.6. Electro-magnet : 

We have already seen that when a current is sent through a solenoid, 
poles are developed at the two ends of the solenoid which then behaves like a 
bar magnet. This is due to the maguetic effect of electric current. 

If, now, a rod of soft-iron be inserted into the solenoid, and a strong current 
is sent through the solenoid, the rod will become a strong magnet. The magnetic 

field produced by the current flowing through the 
solenoid has, in this case, magnetised the rod into a 
strong magnet. This type of magnet is called electro- 
magnet. 

The advantage of an electromagnet is that it 
remains à strong magnet as long as the current flows 
through the coil and becomes demagnetised as soon as 
the current is stopped. Further, the strength of the 
magnet can be increased conveniently by increasing the 


ES + number of turns of the coil or by increasing the strength 
h h of the current. 
Fig. 6.16 The electro-magnets, in practical use, are generally 


bent in the form of the letter U. [Fig. 6.16]. Note that the windings of the coil 
in the two limbs of the electro-magnet are in the opposite direction. This helps 
to. develop two opposite poles at the two faces of the electro-magnet. 

The following are the important uses of electromagnet : 

(i) In electric fan, relay, motor, dynamo etc. electromagnets are used. 

(ii) Electromagnets are used in factories to move or to lift heavy iron 
materials and sometimes to break heavy chunks of iron by lifting to a height 
and then dropping them on to the ground. 

(ii) Electromagnets are used to sort out particles of iron from a mixture 
of iron and other non-magnetic materials. 

(iv) Physicians use electromagnets to pull out iron particles which might 
have entered into the eye of a man. 


B. Action of magnet on current 


6.7. Motion of a conductor carrying current and placed in a magnetic field : 


A conductor carrying a current, produces a magnetic field around it. Ifa 
magnetic pole be placed in the field, it will experience à force. We know that 
every action has an equal but opposite reaction. According to this rule, the 
magnetic pole will also exert a force on the conductor, which if free to move, 
will be deflected from its position. This is the action of a magnet on current. 
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Consider a straight wire AB carrying a current in the downward direction. 


The concentric lines of force and their directions are 
shown in fig. 6.17. A magnetic north pole placed 
at P will have a tendency to move along PR perpendi- 
cular to the plane of the paper. If the magnetic 
pole at P is fixed and the wire AB is movable, the 
wire will experience a force in the direction OX 
perpendicular to the plane of the paper and will 
be deflected in that direction. This is due to 
the fact that action and reaction are equal 
and opposite. If the direction of current in the 


Fig. 6.17 


wire is reversed, the direction of deflection i.e. the direction of force is also 
reversed. 


6.8. Direction of deflection of wire : Fleming's left hand rule : 


Depending upon the direction of current and the magnetic field, the 
direction of deflection of the wire can be 
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motor rule. 


found out by Fleming's left-hand rule. 
Stretch the forefinger, second finger 
and the thumb of the left-hand mutually 
at right angles. If the forefinger points 
in the direction of the Field and the second 
finger in the direction of the Current, the 
thumb will point in the direction of the 


It is also known as 


6.9. Force on a straight current-carrying conductor placed in a uniform 


magnetic field : 


Let a straight wire carrying a current i. e.m.u. be placed at a distance r 


from a magnetic pole of strength m placed at 
P. According to Laplace's formula, the mag- 
netic field produced by an element 8/ at P is 
iol. sin « 
r? 

If the element 8/ be at right angles to 
the point P, then «=90°. Hence the magnetic 
field due to the element 3/ at P is given by, 


given by 8F= 


Since the strength of the magnetic pole 
placed at P is ‘m’, the force experienced 


t 


Fig. 6.19 
midi 


by the pole, f—pole strength x intensity of the field x given 
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"Now, every action has an equal and opposite reaction. So, if the pole be 
fixed and the wire movable, the force’ experienced by the element 3/ due to the 
2 45 

pole at P, is f=" 


If H be the intensity of the magnetic field produced by the pole at a distance 


r from it, then H=% So, the force on the element 3/ by the magnetic field 


=Hi.s!. Now, if the lines of force of the magnetic field be everywhere perpendi- 
cular to the straight wire, the force experienced by the conductor=2H.i3/.= 
H.il dynes. [25/=/=length of the wire] 


If i be expressed in ampere, force ic Hil dynes: 


If there be ‘n’ turns in the conductor, each carrying a current i, then the 
force=n.H.i.l. The direction of this force is given by Fleming’s left hand rule. 
This force is utilised in a suspended coil galvanometer. [See art 6.17(iii)]. 

If the conductor be parallel to: the direction of H, then «=O and in that 
case, the force /—0. 

Example : A wire carrying a current of 10 ampere and 200 em in length is 
placed in a field of flux density 0-15 oe. What is the force on the wire if it is 
placed (a) at right angles to the field (b) to 45? at the field and (c) along the direction 
of the field. [H. S. Exam. 1984] 

Ans. (a) At right angles to the field, the force on the conductor 


a dynes... force x0-15x 10:«200—30 dynes. 
(b) At an angle « to the direction of the field, the force on the 
conductor = D Hil. sin « If « is 45°, then force x015x 10 x 200 x sin 45° 


; =30 x 0°707=21-21 dynes. 
(c) Since «—0, sin «=0 ; so the force on the conductor=0 


6.10. Force on a moving charge : 
We know that the flow of current in a conductor actually means the move- 
ments of electrons from negative to the positive end of the source of the current. 
o Suppose that a charge e e.m.u. (say an electron) 
Mag.field is moving with a velocity v cm/s at right angles 
to the direction of a uniform magnetic field of 
intensity H oersted. If the charge takes a time 


t to travel a distance /, then is sec. The motion 
v 


Fig. 6.20 of the charged particle constitutes a current 
inf (rate of flow of charge). 


iac Po SCIEN A 
=... ot = i or il=e.v. 


ah tT 


ELECTROMAGNETISM 429 


But the force on this current element=H.i./. dynes. =H.e.v. dynes. 

Hence a charged particle moving perpendicular to the direction of a uniform 
magnetic field experiences a force which is. perpendicular both to the magnetic 
field and to its direction of motion (Fig. 6.20). 


6.11... Torque on a coil in a uniform magnetic field : 


Consider a rectangular coil of height 4D—/ and width AB=b placed in 
a magnetic field of intensity H [Fig. 6:21 (J. If the coil carries a current į e.m.u. 
each of its arms will experience a force. 


Now, the forces F, on the vertical arms AD or BC are given by F,=H.i.l. 


And the forces F, on the horizontal arms AB or DC are given by F,—H.i.b sin «. 
The forces on the horizontal arms tend to compress the coil and are resisted by 


(i) Fig. 6.21 (ii) 


the rigidity of the wire. The forces FF, however, set up a couple, whose moment 
or torque is given by T==F,x AP=F,.b cos a—H.i..b. cos «=H.i.A. cos % 
where A is the face area of the coil [A=/x6]. If 0 be the angle between the 
magnetic field and the perpendicular to the plane of the coil [Fig. 6.21 (ii)], then 
0=90°—« 
T=H.i.A. sin 0. 
If the coil has n turns, T=nHiA sin 0 


Magnetic moment : From above we see that the torque on the coil depends 

on (i) the magnetic field (H) (ii) the current (i) (ii) area of the coil (A) and 
(iv) the number of turns (m. Putting m=n.i.A, we have T=mH. sin 9. 
m is evidently a property of the coil and the current init. It is called the magnetic 
moment of the coil. It is defined as the torque exerted on the coil when it is placed 
with its plane parallel to the magnetic field of 1 oersted. In this case, H—1, sin 
0—sin 90°=1 and hence T=m. 


Example: 4 coil of face area 5 sq. cm. and 30 turns carries a current of 
5 amp. lt is placed with its axis at right angles to a magnetic field of intensity 
0:25 0e. What torque is needed to keep it in equilibrium ? 


Ans. Magnetic moment of the éoil-un i 43057. x 52175 


Torque T=m.H. sin 0—75x0:25x sin 90°=18.75 dyne-cm. 
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6.12. Experiment to demonstrate the action of magnet on current : 


Barlow's wheel : It consists of a star-shaped wheel made of copper, capable 
of rotating in a vertical plane about a horizontal axis. Some mercury is kept in 
a slot cut on the wooden base. As the wheel rotates, its pointed teeth, one after 
another, come in contact with mercury. Across the slot are placed the poles of 
a strong horse-shoe magnet. By means of two terminals, current is led through 
the wheel and mercury and back to the battery. 


When current flows down the spoke dipping into mercury, a force is exerted 
on it, the direction of which may be obtained from Fleming's left hand rule. If 
the current flows from upward to downward, the 
spoke will move forward in the direction of the arrow 
as shown in fig. 6.22. As the spoke moves forward, 
the next spoke, due to intertia of motion, dips into 
the mercury and the same thing happens. The 
process is, therefore, repeated with the result that 
the wheel rotates as long as the current flows. If 
the direction of the current is reversed or the direction 
of the magnetic field is reversed, the direction of 
rotation of the wheel is also reversed. If current 
and magnetic field are both reversed simultaneously, 
the wheel will continue to rotate in the same direction, 
Moreover the speed of rotation of the wheel will increase or decrease according 
as the strength of the current or the magnetic field is increased or decreased. 

This mechanical rotation by electric current is also known as the principle 
of motors. 


Fig. 6.22 


C. - Action of current on current 


6.13. Introduction : 


If we have two current carrying wires placed close to each other, the 
magnetic field due to one will exert a force on the other. In flg. 6.23 (a) and 


(a) (8) 


Fig. 6.23 


(b) two straight and parallel wires having current flowing in them are shown. 
In fig. 623 (a), the currents are like and parallel while in fig. 6.23 (b), they 
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are unlike and parallel. If in both cases, Fleming's left hand rule be 
applied in order to find the direction of the force, it will be seen that there is a 
force of attraction in the first case while a force of repulsion takes place in the 
second case. 


6.14. Law of parallel currents ; 


(i Like parallel currents attract each other. 
Gi) Unlike parallel currents repel each other. 


6.15. Experimental verification of the law of parallel currents : 


(i) Roget's vibrating spiral: By this simple experiment, the attraction 
between like parallel currents can be demonstrated. It consists of a closely 
wound helical spring C (Fig. 6.24) suspended 
vertically from a terminal 7. The spring 
carries a small metal weight at the lower end, 
which normally remains in contact with 
some mercury placed in a cavity on the 
wooden base (B) of the apparatus. Connec- 
tions are made with the mercury to another 
terminal T fixed on the wooden base. 
When a current is sent through the 
spring by joining a battery to the 
terminals, (7, T), two consecutive turns 
of spring will carry like parallel currents 
with the result that each two consecutive Fig. 6.24 
turns will attract each other. This will lift the small metal weight out of 
mercury and the circuit will break, stopping the flow of current. The attractive 
force between the turns is therefore removed and the loaded spring falls back 
into the mercury. The process is repeated and the spring 
vibrates up and down as long as the current flows. 

(ii) Two straight copper wires are kept vertical and 
parallel by means of two pieces of cork as shown in the 
fig 6.25, so that they do not touch each other. When 
both the ends of the wires are joined above and below as 
in the fig. 6.25(i) and current passed, then these currents 
are parallel and like. Consequently, there will be attraction 
between them and the wires will be drawn to each other 
as shown by the dotted lines. 

On the other hand, if the wires are joined only at 
the top and current is passed [Fig. 6.25(ii)], then the currents 
are parallel but unlike. Consequently there will be repul- 
sion between them and the wires will bulge out as shown 
(i) Fig.6.25 Qi) by the dotted lines. 
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6.16. Forces of attraction and repulsion between two infinitely long parallel 
wires carrying current : 

Let AB and CD be two long, straight and parallel wires carrying currents 

i, and i, e.m.u. respectively [Fig. 6.26]. The magnetic field intensity at P due 


A to the current i; in CD is Ha [see eqn. (i) art 6.4]. 
r 


The direction of this field is at right angles to the wire 


AB. Wf be the permeability of the medium in which 
the wires are placed, then, total fieid intensity at P is 


B=pH= s Hence, force per unit length of the 


wire at P is fp n 


; this force lies in the plane 


B 
Fig. 6.26 of the paper and is iri to the wire 4B. 


If the medium be air, then ju. —1 and hence f=—— zs 
Similarly, the force per unit length on the wire CD due to the current i, in 
AB is fe Applying Fleming’s left hand rule, it is found that the force 


between the wires is a force of attraction if the currents in the wires are like 
parallel. On the other hand, if the currents are unlike parallel, the force is a 
force of repulsion. 


If, however, i,—i,—i, then fe zem 


Example : Two. infinitely long and parallel wires are carrying currents of 
3 amp. and 4 amp. respectively. If the separation of the wires be 10 cm, what is 
the force exerted by one on the other 2 


Ans. We know, the force/unit length ican Zini 


Here i, — d emu ; iF y c.m.u. and dios cm. 
force per unit length y= —2X4 is 70 <5 =" 03 dyne/cm. 


6.17. Galvanometers. : 


Galvanometers are instruments by means of which current flowing in a 
circuit may be measured. The basic principles of this instrument are the 
interaction between electricity and magnetism. Of different types of 
galvanometers, the tangent galvanometer, the sine galvanometer and D' Arsonval 
galvanometer are very important. 

(i) Tangent galvanometer : The basic principle of this galvanometer is 
the effect of current on magnet. It consists essentially of a vertical circular 
coil of several turns of insulated copper wire wound on a circular wooden 


ciii PB 


ELECTROMAGNETISM 433 


frame [Fig. 6.27]. The ends of the coil are connected to two screw terminals (T,T) 
fixed on the wooden base B. There are several 
screws (S, S) by means of which the base can 
be levelled. The circular wooden frame can 
rotate about a vertical axis passing through 
its centre. At the centre of the coil is mounted 
a small magnetic needle which can freely rotate 
in a horizontal plane. The magnetic needle 
has a long, light aluminium pointer attached 
at right angles to its axis. The pointer moves 
over a circular horizontal scale divided into 
four quadrants, each having graduations from 
0° to 90°. 1 
Adjustment of the instrument : Before 
using the instrument, the base B is to belevelled 
with the help of the levelling screws (S, S). Fig. 6.27 
Then the frame carrying the coil is to be'rotated until its plane coincides with the 
plane of the magnetic needle. In this condition, the plane of the coil lies in the 
magnetic meridian. and the pointer points 0°—0° onthe scale. The circuit whose 
current is to be measured is then connected to the terminals T, T. The current 
will flow through the coil. The magnetic field it produces over a small region 
round the centre of the coil is uniform, The magnetic needle, being acted on 
by this uniform magnetic field, will be deflected. Both ends of the pointer are 
read to get the angle of deflection. — 


Theory : The magnetic field produced by the current, being perpendicular 
to the plane of the coil, will try to deflect the magnetic needle in that direction. 
Once deflected from the meridian position, the needle will be acted on by the 
earth's magnetic field which will try to restore the needle to its previous position. 
In other words, two opposite couples will act simultaneously on the needle which 
will finally come to rest when the moments of the couples balance each other. 


Suppose the needle AB is at rest after suffering a deflection of an angle 6 
[Fig. 6.27 (a)) If H be the horizontal component of 
earth's magnetic field, F the intensity of the magnetic 
field due to the current flowing in the coil and m the pole- 
strength of the magnetic needle, two couples (mH, mH) 
and (mF, mF) will act upon the needle (See figure), At 
the equililibrium position of the needle, the moments 
of the couples will be equal. 

Now, moment of mF-couple=mF x AC 


—mF*x AB cos 9. 
and. ,, » mH-couple—mH x BC—mH x AB, sin 0. 
Fig 6.27(a) “. mE x AB cos 0—mH*x AB sin 0, 


or, F=H. tan 0, 
If n=number of turns of the coil, J=current in e.m.u. flowing in the 
Ph. II—28 
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coil and r=radius of the circular coil, then it ,can be proved that, 


at [Art 64 (i)] 


8 2nnl =H. tan 0: or, I= Pitan "ed tan 6—XK. tan 0 
IA 2xnjr G 


[ 29". salvanometer constant and K=7 - reduction factor ] 
r 


If the current J is expressed in ampere, then 7—10K. tan 0. 


So, knowing the value of the reduction factor (K) and reading the deflection 
(0) from the scale, the current can be found out. 


Sensitiveness of the instrument : 


In a tangent galvanometer, TR tan 0 or tan ga 2-1 
2rn/r 


A galvanometer is sensitive if it can produce a large deflection for a small 
current i.e. the more the value of tan 0 for a given current J, the more sensitive 
the galvanometer is. Now, from the above expression of tan 0, it is clear that 
(i) a larger value of n and (ii) a smaller value of r will give, for a given value 
of J, a larger value of tan 0. For this reason, the number of turns of the 
galvanometer coil is taken as large and the radius as small as practicable, in 
order to make the instrument sensitive. 


Accuracy of the instrument ; Since the tangent of an angle varies from 
0 to oc, this galvanometer can be used to measure all currents varying from 0 to 
cc. But it is found that the instrument gives accurate result when the deflection is 
near about 45^*. Ordinarily, the deflection is kept between 30° and 60°. 


(ii) Sine galvanometer : So far as the construction is concerned, there 
is very little difference between a tangent galvanometer and a sine galvanometer. 
In this instrument, the circular wooden frame carrying the coil of wire can rotate 


about a vertical axis passing through its centre and the rotation can be read off 


from a circular scale attached to the platform B [Fig. 6.27]. 


Principle of action : Like tangent galvanometer, this instrument is to be 
levelled first and then the coil should be rotated so that the circular frame and 
the magnetic needle lie in the same plane. Since the freely pivoted magnetic 
needle remains in the magnetic meridian, the frame also remains in the magnetic 


*/=10.k tan  ; Dillereuuatiug, we get dI — I0k.scc*üdU 
Biiding, di2se9 gg 0 _ 240 
1. tand SinÜcosÜ sin sin 20 


A b ^ di 
in measuring the current J, if the error is dI, then E is the proportional error. To keep the 


proportional error minimum, it is necessary that 20 rh be maximum. It is possible if sin 20= 
sin 90° or 0—45*, So, the proportional error in a tangent galvanometer is Pd reset when 0=45° 
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meridian. But as soon as a current flows through the coil, the magnetic needle 
is deflected. Then the coil is also rotated unless 
and until it becomes co-planer with the needle. 
Suppose, the magnetic needle (N-S) and the plane 
of the coil (4B) make an angle 0 with meridian 
direction [Fig. 6.28]. Here, the magnetic field 
produced by the current, being perpendicular to 185 
the plane of the coil, is also perpendicular to the mF nF 
magnetic needle. Each pole of the needle will be 
acted on by a force mF due to this field. On the 
other hand, earth’s magnetic field will exert a force / 
mH on each pole trying to restore it to the meridian 4 mH 
direction. Consequently, as in a tangent galvano- B 
meter, here also two opposing couples will act on 
the magnetic needle which will remain in equili- 
brium at the deflected position under their influence. 
In other words, in the equilibrium position of the needle, the moments of the two 
couples will be equal. Now the moment of mF couple=mFx NS—mF»x2l 


[2/—length of the magnetic needle] 
And, the moment of mH couple=mH x SM=mH x 2l. sin 9. 
mF x 2l=mH x 2l. sin 9. 
or F —H.sin 0. 
If n-number of turns of the coil, 7=current in e.m.u. ; r—radius of the 


H 


Xe-e—----....1-- 


ku 

"a 
a 
i 
E 


coil, then the magnetic field at the centre of the coil. pum ^ rst: art. 6.4 (ii)] 


Ann =H. sin 0. or, j sin T sin 0=K. sin 0, 


2nn/r 
If the current is expressed in amperes, then /—10. K. sin 0. 
Since the current is proportional to sin 0, the galvanometer is called a sine 
galvanometer. 


Comparison between a tangent and a sine galvanometer : 


(a) Fora feeble current, a sine galvanometer is more sensitive than a tangent 
galvanometer. To understand it, let us take an illustration. Suppose a current 
produces a deflection of 45° in a tangent galvanometer. The same current when 
passed through a sine galvanometer would give a deflection of 90°, because 
sin 90°=tan 45°=1. So, the same current produces a greater deflection in a sine 
galvanometer than in a tangent galvanometer. Hence, a sine galvanometer is 
more sensitive than a tangent galvanometer. 

(b) Since sin 9 takes up values between 0 and 1, a sine galvanometer can 
measure currents varying between 0 and K e.m.u. where K is the reduction factor 
of the galvanometer. But a tangent galvanometer can measure current of any 
strength, Hence a tangent galvanometer has wider range than a sine galvanometer, 
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In practice, however, a tangent galVanometer is not used to measure a very strong 
current. 


(c) In the case of a sine galvanometer, the needle always remains in the 
same position in relation with the coil. This has the advantage that the deflection 
is not liable to error due to non-uniformity of the magnetic field created by the 
current flowing through the coil. But this is not the case with a tangent galvano- 
meter where the needle moves out of the plane of the coil in the deflected 
position. 

(iii) D’ Arsonval galvanometer : In this galvanometer, the coil is freely 
suspended in the magnetic field of a parmanent magnet and hence it is called a 
suspended coil galvanometer. The effect of magnet on current. constitutes the 
basic principle of this instrument. 


Description : It consists of a coil of copper wire of several turns wound 
` on a rectangular frame ABCD made of brass or aluminium. The coil is suspended 
by a thin strip of phosphor-bronze in the annular 
space formed by fixing a soft-iron cylinder (E) between 
the cylindrical pole faces of a permanent magnet 
(N-S). The lower end. of the coil is connected to a 
small spring S, made of phosphor-bronze which serves 
as a current lead. The phosphor-bronze suspension 
above serves the purpose of the other current lead. 
The upper end. of the suspension is attached to a 
torsion head 7. The current led through the phos- 
phor-bronze suspension passes through the coil 4BCD 
and goes back to the external circuit through the spring 
S. The phosphor-bronze suspension wire carries à 
small mirror M which reflects light from a lamp on to 
a scale placed a metre away. The reflected beam acts as a pointer in measuring 
the deflection of the coil. One advantage of this arrangement, known as the 
lamp and scale arrangement, is that the reflec- 
ted beam turns through fwice the angle 
through which the mirror turns. 

The pole-pieces of the magnet are shaped 
cylindrical. Further placing a soft-iron cylinder 
E coaxially, the magnetic field is made intense 
and radial so that the lines of force are always 
parallel to the plane of the rectangular coil 
[Fig. 6.30]. Fig. 6.30 


Fig. 6.29 


Principle of action: When there is no current in the coil, the coil comes 
to rest in such a position that there is no twist in the suspension thread. But 
when current passes through the coil, two equal and opposite parallel forces act 
respectively on the two vertical sides of the coil in accordance with Fleming’s left 
hand rule. These two forces together form a deflecting couple which causes the 
coil to rotate until the deflecting couple is just balanced by the opposing control 


T1 
M 


| 
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couple set up by torsion in the upper suspension thread. The position of the 
deflected spot of light on the scale gives the deflection of the coil. 


Theory: Let, /= length of the vertical arm of the coil ABCD 
b= ” LE horizontal 25 0 93. o» 
H=magnetic field of the permanent magnet 
n--number of turns of the coil 
i=current flowing in the coil in e.m.u. 
When current flows through the coil, according to the art. 6.7 each vertical 
arm of the coil experiences a force F—nH.i.l. [Fig. 6.31] at : 
right angles to the plane of the coil. Since the current flows 
in opposite directions in the two vertical arms, the forces 
acting on them are also opposite. The direction of force 
on any vertical arm may be obtained from Fleming's left 
hand rule. The couple produced by these parallel and 
opposite forces deflects the coil until the torsional couple set 
up by the twist in the suspension wire balances it. Suppose 
the deflection of the coil in the position of equilibrium is 0. 
Now, the moment of the deflecting couple— Fx 
—n.H.i.Lb 
If the torsional Bode! for unit twist for the í 
material of the suspension wire be C, then the torsional Fig. 6.31 
couple for a twist 0=C.9. 


Since the coil is at rest, n. H.i.L.5.—C.0. or n.H.i.A-—C.0. 
[A=face area of the coil — /X 5] 


C C, 
=, 0 tK, m 
= smi e.m.u. —K. 0, where K= zHA =a constant i.e, ioc 0. 


Sos we see that the current is proportional the the deflection of the coil. 


The deflection (0) of the galvanometer coil is usually measured by the dis- 
placement of a spot of light on a scale, light being reflected by the mirror M. 


For this purpose, a fine beam of light from a source is focussed on the mirror 
M and the. reflected light is received on a scale 
placed parallel to the plane of the mirror. If the 
mirror turns through an -angle 0, the reflected light 
turns through 20. If this produces a displace- 
ment x cm of the spot of light on the scale, then 


-—-—— 


20—7., where D=distance in cm between the scale 


and the mirror [Fig. 6,32]. 
. d . -E x 
Fig. 6.32 " 2D' 
Measuring the displacement x and noting the distance D, the deflection 0 can be 
determined. This arrangement is known as the lamp and scale arrangement. 
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Sensitiveness of the instrament : 


We have seen that FD Due or e ona i. The instrument will be 
nHA € 


very sensitive, if 6 is large for a small value of i. From the above relation it is clear 
that to make 0 large i.e. to make the instrument sensitive, (i) n, 4 and H should 
have large values and (ii) C should have a small value. 


The value of C is sufficiently less if we select a phosphor-bronze or quartz 
fibre of rectangular cross section. The fibre is, at the same time, tough to carry 
the load of the coil. To make quartz fibre a conductor of electricity, a coating 
of silver is given to it. - 


Advantages of the galvanometer : This galvanometer has the following 
advantages :—(i) Earth's magnetic field has no effect on this galvanometer since 
the galvanometer does not contain any magnetic needle. Hence, it can be placed 
in any convenient position. (ii) The horse-shoe permanent magnet produces 
such a strong magnetic field that any stray external magnetic field cannot cause 
any disturbance in its action. (iii) The instrument can be made sensitive by 
conveniently controlling the number of turns, the face area of the coil, torisonal 
rigidity of suspension etc. and can be used to measure feeble current. (v) Since 
the current is proportional to deflection, a linear or evenly divided scale can be 
used for the measurement of current. (v) The instrument is ‘dead beat’ i.e., the 
coil, once deflected, comes back to the position of rest quickly ; the coil does not 
oscillate for long. 


Example 1: The coil of a tangent galvanometer has 100 turns and of mean 
radius 10 cm. What is the current flowing through the galvanometer when it shows 
a deflection of 60° ? (H=0°37 and tan 60°=1:7321). 

410 Hr 10x 0:37 x 10x 1:7321 
Ans, We know) i= ==: tan 0———— — ——— =U" i 
— mU ESI) 60d amp 

Example 2: A current is sent through two tangent galvanometers in series. 
The deflection is seen to be the same in both the galvanometers. Compare the radii 
of the coils, if the number of turns is 110 in the first coil and 25 in the second. 

Ans. Same current will flow through the galvanometers since they are 


connected in series. Now, we know, aa tan 0 [r=radius of the coil] 
Ti 


From this we see that other factors remaining the same, “constant. 
n 


m 2a or, po ir Ho 2 
ny dao ARP didi 1253 5 


Example 3: The coil of a tangent galvanometer has diameter 15 cm and 
number of turns 50. What will be the intensity of the magnetic field at its centre 
when a current of 01 amp flows through it ? If H—0:42 Oe at the locality, what will 
he the deflection of the galvanometer needle ? 
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> 3 s 2zxni 
Ans. Atthe centre of the coil, the field intensity F: -—— 


Here, i=0'1 amp=0°01 e.m.u. irem cm. ; n=50 


p ao —0:42 Oe. 


Again, FH. tan 0 or tan @= 5 ool 2. (824 


H 042 
So, the deflection of the galvanometer needle=45°. 


Example 4: A sine galvanometer with a short needle is used as a tangent 
galvanometer and when a given current is passed through it a deflection of 30° is 
produced. Find the deflection which the same current should produce if the instru- 
ment is used as a sine galvanometer. 


Ans. For a tangent galvanometer, J=K. tan 0, ; when used as a sine gal- 
vanometer we have J=K. sin 0, .. tan 0,—sin 0, or, tan 30°=sin 0, 


or, sin 9,7 7470514 ^ 0,—3518 ; (nearly) 


Example 5: A tangent galvanometer of resistance 10 ohms when included in 
a circuit of total resistance 100 ohms (including the galvanometer resistance), shows 
a deflection of 60°. What shunt should be used with the galvanometer in order that 


the deflection may be 30° ? 
Ans. Total resistance of the circuit being 100 ohms, the current through 


the galvanometer hae where E=battery emf. From the principle of 
tangent galvanometer, we get, 


L=10 ktan 0=10.k. tan 60°; ~. 1e tan 60° .. Q) 


Let a shunt of resistance S be connected with the galvanometer. Since the 
galvanometer resistance is 10 ohms, the resistance of the remaining part of the 
circuit=100—10=90 ohms. 


10. S 


The resistance of the shunted galvanometer— T ohm 
un 


S 


me k 10. S 
The circuit tance=| 90--——— 
e circuit resistance ( ^u) ohm 
E at E(10-++S) 
90 10.8 900-i- 100.5 
10--S 


Total circuit current J= 
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€ S S E(104- 
Hence galvanometer current /,— ST I ^sii* PEE 
E E.S 
900+ 100.5 


From the principle of tangent galvanometer, we get 
T,=10.k. tan 0=10.k. tan 30° 
E.S. 
900+ 100. S 
100.5 tan 0 1 1 
500410015 tan 60° 3X v3 
“. S=45 ohms. 
Example 6: Jn a circuit, there are, in series a battery, a silver voltameter 
and a tangent galvanometer of mean radius 24 cm and 30 turns. If 1:8 gm of silver 
is deposited in 1 hour in the silver voltameter, calculate (i) the reduction factor of the 
tangent galvanometer and (ii) the horizontal intensity of earth's magnetism. Deflec- 
tion of galvanometer=4S° and E.C.E. of silver=1:1182 x 10-*\gm/coulomb. 

[Joint Entrance 1975] 
r8 
I:1182 x 1073 x 60 x 60 
Again from the principle of a tangent galvanometer, we know, 7— 10. K.tan 0 
r8 
11182x 107? x 60x 60 

r8 


IKELILCOLLÉZQILC Lu Él e e. m" P= 
ETE EX I C o aa a, 


(ii) The magnetic field intensity at the centre of a circular coil is given by, 


=10k tan 30° +e (ii) 


Dividing (ii) by (i), =} 


Ans. (i) We know, W=Z.1.t or mE = amp. 


=10x Kxtan 45° 


= = [iis in amp.] But F—H. tan 0. ms tan 0. 


2x314x30x L8 
10x 1:1182:x 107? x 60:60 x 24 
or, H=0°351 C.G.S. 


Example 7: A small magnet is suspended at the centre of a vertical circular 
coil. When the coil carries a current of 1:25 amperes and makes an angle of 30° 
with the magnetic meridian the suspended magnet points east-west. If the number 
of turns of the coil is 10 and its radius is 20 cm., find the horizontal component of the 
earth’s magnetic field. [L.L.T. 1971] 


Ans. See Fig. 633. The horizontal component H of earth's magnetic field 
acts along the magnetic meridian. AB is the plane of the coil, placed at an angle of 
30° with the meridian. N-S is the magnetic needle pointing east-west [for clarity, 
the needle is shown magnified). Now, the magnetic field F at the centre of the 


=H. tan 45° 
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coil due to its current is perpendicular to the plane of the coil. Its magnitude 
2xni 2x 10X 1:25 

pul CEE Bee SE . 
i077 — 10x20 3:14 0:125 oe 


Now, a restoring couple (mH, mH) and «e 
a deflecting couple (mF, mF) act on the 
needle as shown in the figure. Atthe 
position of rest of the needle, their 
moments are equal. Now, the moment 
of the restoring couple=mHx NS and 
that of the deflecting couple=mF x CN. 


mHx NS=mPX CN Fig. 6.33 
or, H=RX a3 14 0:125 xsin 30°=3'14X0°125 x}=0'196 Oe (nearly) 


Example 8: The coil of a D’ Arsonval galvanometer has 60 turns, length 2 
cm and breadth 3 cm. The coil is placed in a uniform radial field of 500 Oe. If 
the controlling couple due to torsion in the suspension wire be 18 dyne-cm, find the 
current flowing in the coil in milli-ampere. 


C.0 10 C.0 10 C.0 : 

* ji: emis = x10 milli- $ 
Ans. We know, i= gA AYT m amp = -HA 0? milli-amp. 
Here, C.0—18 dyne-cm ; n=60 ; H=500 Oe; A=3xX2=6 sq cm. 

3 
; 10x18x10 Ci ‘milli-amp. 
60x 500 x 6 


6.18. Ammeter and voltmeter : 

Electrical instruments designed to measure an electric current in amperes 
are called ammeters and those designed to measure potential difference in volts, 
are called voltmeters. The principle upon which both of these devices operate is 
essentially the same as that of the suspended coil galvanometer. 

A coil of fine copper wire is so mounted between two poles a permanent 
magnet N-S that its rotation is controlled by a hair spring. The farther the coil 
is turned from its equilibrium position or 0- mark of the scale, the greater is the 
controlling force. To this coil is fixed a long, 
light pointer at the end of which there is a scale, 
reading amperes if it is an ammeter, or volts if 
itis a voltmeter [fig. 6.34]. As the current through 
the moving coil of an ammeter or voltmeter in- 
creases, the resultant force acting on the coil 
increases which, therefore, turns the coil through 
a greater and greater angle until the deflecting 
couple is just balanced by the restoring couple 
brought about by the hair spring. 


Whenever an ammeter is connected to a circuit to measure its current, it 
must be connected ia series so that the main current may pass through it. As 
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illustrated in fig. 6.35, the ammeter is so connected that all the current flows 

__AMMETER through it. To prevent a change in the 
current when the instrument is inserted in 
the circuit, all ammeters must have a low 
resistance. Most ammeters, therefore, have 
a low-resistance wire, called shunt, con- 
nected across the armature coil. 

A voltmeter, on the other hand, is 
connected across that part of the circuit 
whose potential difference is to be measured. 
If the p.d. between the ends of the resistor 
R, is wanted, the voltmeter is connected across the resistor as shown in 
fig. 6.35. If the p.d. across the resistor Ry is to be measured, the voltmeter 
connections are made at C and D, whereas if the potential difference maintained 
by the battery is wanted, the connections are made at 4 and D. In order that the 
insertion of a voltmeter in the circuit does not change the circuit current, the 
voltmeter must have a high resistance. If the armature coil does not have a large 
resistance of its own, additional resistors are added in series with the coil. 

Very delicate instruments are often used for measuring very small currents 
or potential difference. For example, a meter whose scale is calibrated to read 
thousandths of an ampere or a volt, is called a milliammeter or a millivoltmeter. 
One whose scale is calibrated in millionths of an ampere or a volt, is called a 
microammeter or a microvoltmeter. 


» 


du 


[s] 


Principle of ammeter and voltmeter : 


A sensitive moving coil galvanometer used to measure current in amperes 
ie. used as an ammeter, must have a parallel resistance as shunt whose value 
depends on two factors viz (i) the current it needs for full scale deflection and 
(ii) the maximum range of current it is required to measure. 

Suppose the resistance of the galvanometer is G and the current it needs for 
full scale deflection is Jy. If the range of current to be measured is from 0 (zero) 


amp to J amp, then from the principle of shunt, hs I, where S is the 


required shunt connected between the galvano- 
meter terminals A and B [Fig. 6.36]. 


If a shunt of above value be connected 
between the terminals A and B of the galvano- Fig. 6.36 
meter, it will act as an ammeter of 0—7 amp range. Usually the shunt has 
a very low resistance. Consequently, the effective resistance of the shunted 
galvanometer is also very low. For this reason, an ammeter when inserted in a 


| 
I 
| 
| 
3 
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circuit, will not appreciably change either the circuit resistance or the circuit 
current, yet it will record the current. 

Again, a sensitive moving coil galvanometer used to measure a potential 
difference in volts, i.e. used as a voltmeter, must have a high resistance in series 
with it. The value of the high resistance, in a I————— 
similar way, depends on two factors viz (i) the 
current it needs for full scale deflection and 
(ii) the maximum range of voltage it is required 
to measure. 

Suppose lg is the current which gives a 
full scale deflection in a galvanometer whose 
resistance is, say G. The high resistance R to be 
connected in series with it in order to convert Fig. 6.37 
it into a voltmeter capable of reading a maximum voltage V may be obtained 
in the following way [Fig. 6.37] 


High 
resistance 


V y V 
We have I= —, or R G=— ©. =——G 
e Ve lg Re G r + Ty i, 
If a high resistance of above value be connected in series with the galvanometer 
it will act as a voltmeter capable of measuring a voltage range of 0— V volts. 


6.19. Calculation for increasing the range of ammeter and voltmeter : 


To increase the range of an ammeter, a shunt, consisting of a low resistance, 
is to be joined across the ammeter terminals. The value of the shunt resistance 
required to increase a given meter range by a factor n may be found out as follows : 

Let the ammeter resistance be R ohms and the required shunt resistance Rs 
ohms. If the full scale reading of the meter is J amp, the current which must 
pass through Rs when the range is n] amp is (nI — I) amp. Referring to fig. 6.36, 
the p.d. across the metre is : 

RI=R, (nI — I) or R=; 3 prio (n 

Similarly to increase the range of a voltmeter, a high resistance is to be 
connected in series with the voltmeter. The value of the high resistance required 
to increase a given meter range by a factor n may be found out as follows : 


Let the voltmeter resistance be R ohms and the required high resistance R, 
ohms. If the full scale reading of the meter is V volt and the current taken is J, 


then I= . If the range is now made nV, then with a p.d. of nV. volt applied 


across the galvanometer together with the high resistance Ai, the current passing 
through the galvanometer should remain unaltered. For that, we have, 


nV Y nV 
I— "m == R R= 
Rik vic au iip Be 


R=Rn=1) .. Gi) 
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Example 1: A galvanometer gives a full scale deflection when a current of 
0:001 ampere passes through it. How can you convert it into an ammeter reading 
up to 10 amperes ? The resistance of the galvanometer is 100 ohms. 

Ans. In order to convert the galvanometer into an ammeter, a suitable 
shunt should be connected in parallel with the galvanometer so that 0'001 amp. out 
of 10 amp. flows through it, producing a full-scale deflection and the rest flows 
through the shunt. Let S be the required shunt. In this case, the current through 


S 
the galvanometer, [j= sro" 
S 1 10 
'001— 1 , 1+——= —=10000 
or, 0:00 $T10 * 0 or, 1+ S — Ol 
100 
S= 01 ohm (nearly) 


So, a shunt of 0:01 ohm connected in parallel with the galvanometer will 
convert it into an ammeter reading upto 10 amp. 


Example 2: You are given a galvanometer having resistance 100 ohms. 
This galvanometer can measure current up to 120 micro-amp. How would you 
convert it to a voltmeter reading up to 2:4 volts ? 


Ans. In order to convert the galvanometer to a voltmeter, a suitable high 
resistance should be connected in series with it so that when 2:4 volt p.d. is applied 
at the ends of the combination, 120 micro-amp (ie. 120: 10-9 amp) current 
flows through the instrument and produces a full scale deflection. Let R be the 


$ " ; 2:4 
uired high resistance. Then, 120 10-°=——— 
req gh n, WTR 
24 r 
or  100+R= zgo 20000 ;. R=19900 ohms: 


So, a series resistance of 19900 ohms with the galvanometer will convert it 
into a voltmeter reading up to 2°4 volts. 


Example 3: A milliammeter gives full scale deflection when 5 ma current 
passes through it. What will you do to convert it into an ammeter reading upto 5 
amp ?. Resistance of the coil=20 ohms. . 


Ans. A suitable shunt is to be connected across the terminals of the instru- 
ment such that when 5 amp current passes through the circuit, the shunt takes up 
(5—0:005)—4:995 amp and 0'005 amp i.e. 5 ma passes through the instrument, 
producing a full scale deflection. If S be the resistance of the shunt, then consider- 
ing the p.d. across the coil of the instrument and that across the shunt, we can 
write, Sx 4:995—20 x 0:005 
` s=2X 0-005 

i 4:995 

So, to convert the milliammeter into an ammeter of 5 amp range, a shunt 

of 0:02 ohm has to be connected across it. 


—0:02 ohm (nearly) 


E 
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Now, the ratio of the current measured to the current through the 
xr 5 

coil is =-= —-=1000 
ON Sig 5x107 

The ratio is the same whatever the current 7, because it depends only on the 
resistances S and R (the coil resistance) ; it may easily be shown that its value is 
(S--R)/S. 

Example 4: You are given a millivoltmeter of 1 to 30 millivolt range. What 
will you do to use the instrument for measuring (i) a range of voltage from 1 to 30 
volt (il) a range of current from 1 to 3 amp © The resistance of the instrument=25 
ohms. 

Ans. (i) For measuring voltage, the range is increased by a factor 
n= 799 i =1000 

30 x 107? 
From eqn (ii) of art. 6.19, we get r—R(n—1) ; Here R=25 ohms and n=1000. 
*, r—25 (1000— 1)—24975 ohms. 
(ii) When the instrument reads 30 millivolt, the maximum current that 
30 x 10-3 


passes through the instrument= amp. For measuring current, the 


3x25 


=25,00 
30 x 10-8 ? 


range is to be increased by a factor n= 


From eqn (i) of art. 6.19, we get Re= E ; here R=25 ohms and n=:2500 


25 25 


^ Re7t3sogz i 2499 


Exercises 


Essay type: 
utem quisa 


i. How would you demonstrate the effect of current on a magnet ? Explain the rule 
giving the direction of déflection of the needle. 

2. How would you demonstrate that a linear conductor carrying a current produces a 
magnetic field ? Draw the lines of force of such a field and indicate their direction. 

3. Describe an experiment illustrating the magnetic field produced by a circular coil of 
wire carrying a current. Draw the lines of force and indicate the direction of the field. 

4. Explain with the help of neatly drawn diagrams the special features of the magnetic ` 
field produced by (i) a linear current, (ii) a circular current, (iii) a solenoidal current. 

5. State Laplace’s law. What is electromagnetic unit of current ? What is its relation 
with the practical unit of current ? 

6. Describe suitable experiments to show that a current-carrying conductor when placed 
in a magnetic field is deflected. Explain the rule that gives the direction of deflection of the 
conductor. 

7. Describe a few experiments to show that a magnetic field exerts a force on a current- 
carrying conductor. Explain the action and the principle of a Roget’s vibrating coil. 
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8. Describe and explain the action of a Barlow’s wheel. Draw a neat diagram, 
9. (a) Describe and explain the action of a tangent galvanometer. What do you 
understand by ‘reduction factor’ and 'galvanometer constant’ of a tangent galvanomcter ? 
[H. S. Exam. 1981] 
(b) Can a tangent galvanometer function at ncrth or south magnetic pole of the earth ? 
10. Describe the construction of a suspended coil galvanometer. Work out its thcory. 
What are its advantages ? [H. S. Exam. 1978, '83] 
11. Describe (a) an ammeter and (5) a voltmeter. 
12. What are the differences between an ammeter and a voltmeter ? How are they connec- 
ted ina circuit ? Draw a neat diagram. 
13. Describe the principle of operation of a moving coil ammeter. How would you convert 
it into a volumeter ? [H. S. Exam. 1980) 
14. A straight current carrying conductor is perpendicular to the lines of force of a uniform 
magnetic field. What force is exerted on the conductor ? What is the direction of this force ? 
What force would act on the conductor if it is held parallel to the lines of force ? 


Short answer type : 


15. A small magnetic needle is pivoted on a vertical stand. If a wire, carrying a current, 
is placed along the axis of the needle, how will the necdle place itself when the wire is stretched 
above the needle ? 


What will be the positions of the needle in the following cases :—(i) the wire is above the 
needle (ii) the wire is below the needle (iii) the direction of current is reversed. 


16. A copper wire is stretched over a magnetic needle in the cast-west direction. How 
will the needle behave if the positive terminal of a battery is connected to the west end of the 
wire and the negative terminal to the east end ? 


17. A conductor, even though it is carrying a current, has zero net charge. Why, then 
does a magnetic field exert a force on it ? 

18. A coil of wire, carrying a current, is placed on a piece of cork and floated on water. 
A uniform magnetic field is applied on it. How will the coil set itself in the magnetic field ? 
How will it behave if a magnet is brought near it ? 


19. The terminals of a battery are joined by a long wire which is folded into two halves 
lying very close to each other. A magnetic needle is placed near the wire. Will there be any 
deflection in the needle ? If the wire were bent into a loop around the magnetic needle, will the 
needle be deflected ? 


20. A feeble current is flowing in a straight wire which is not capable of producing any 
deflection in a magnetic needle placed near the wire. What can you do to produce a deflection 
by the same wire carrying the same current ? 

21. What effect will be produced on the rotation of a Barlow's wheel in the following 
cases :—(i) the magnetic field is reversed (ii) the current is reversed (iii) both the magnetic ficld 
and the current are reversed simultaneousiy ? 

22. What effect will be produced on the rotation of a Barlow's wheel if (i) the current is 
increased (ii) the magnetic field is increased (iii) the magnetic field is removed. 

23. What is the magnetic moment of a coil ? Upon what factors does it depend ? 

24. What will happen in the case of a tangent galvanometer if (i) the plane of the coil does 
not lie in the magnetic meridian (ii) the plane of the coil is not vertical (iii) the magnetic needle is 
not small. 

25. Equal currents are flowing in two very long parallel wires. Answer the following :— 
(a) What will be the direction of magnetic field at a point on any wire due to the current in the 
other ? (6) What is the force on any wire due to the current in the other ? (c) How will the 


hs rni ati i a 
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force alter if the current in each wire is doubled ? (d) What is the direction of the magnetic 
field at a point equidistant from the two wires ? [LLT. 1973] 
[Hints : (a) The direction of the magnetic field at a point on any wire is along the tangent 
to the radial distance from the point to the other wire, (b) As the currents are in the same 
direction, the force will be attractive, (c) The force of attraction is proportional to the p: ecuct ef 
the currents Le, Fo ihis Hence when currents are doubled, the force is quadrupled, (d) At a 
point equidistant from the wires, the magnetic fields are equal and opposite. Hence, there 
will be no resultant field at that point]. 
26. Arectangularloop carrying a current 7 is situated 
near a long straight wire such that the wire is parallel to one 


i 
of the sides of the loop and is in the plane of the loop. If a 
steady current 7 is established in the wire as shown in fig. 6.38, 1 
how will the loop move ? 


27. A thin and flexible wire is kept on a table in the form 
of a rectangle and a strong current is sent through it. “How will 
be the shape of the wire now ? Fig. 6.38 

[Hints : Each two parallel sides of the rectangle carry parallel and opposite currents. 
They repel each other. Consequently, the wire takes up a circular shape.] 

28. Equal currents i are flowing through two infinitely long parallel wires, Will there be 
à magnetic field at a point exactly half way between the wires when the currents in them are (i) in 
the same direction (ii) in the opposite direction ? U.1I.T. 1978] 

29. Through mistake, an ammeter has been connected in parallel and a voltmeter in series 
ina circuit. What will happen to the instruments ? 

[Hints : The instruments will be damaged. Voltmeter is a high resistance instrument. 
When connected in series, it will produce sufficient heat ( oci#rt) due to high resistance which 
will burn the coil. On the other hand, ammeter is a low resistance instrument. When 
connected in parallel, most of the circuit current will flow through the instrument and the 
heat that it will produce, will be sufficient to burn out the coil of the instrumeut.] 


Objective type : 


30. (i) When a current flows through a circular wire, the magnetic field it produces at the 
centre of the coil is (a) non-uniform (5) uniform (c) zero. Which is correct ? 

Gi). A conducting circular loop of radius r carries a constant current i. It is placed in a 

> vx 
uniform magnetic field By such that B, is perpendicular to the plane of the loop. The magnetic 
force acting on the loop is (a) irBy (b) 2xiirB, (c) zero (d) virBs. Which is correct ? [/.1.7, 1983] 

(ii) The wires in a horse-shoe type clectromagnet are wound (a) in the same direction 
(b) in the opposite direction in the two arms ofthe magnet. Which is correct ? 

(iv) Two parallel currents flowing in the same direction (a) repel each other (5) attract 
each other (c) exert no force on each other. Which is correct ? 

(v) When a tangent galvanometer shows a deflection of (a) 40° (b) 45° (c) 50°, the reading 
is accurate. Which is correct ? 

(vi) The principle of a suspended coil galvanometer is based on (a) the action of a magnet 
on current (b) the action of a current on magnet (c) the action of a current on current. Which 
is true ? 

(vii) In a suspended coil galvanometer, it is advantageous to keep a soft-iron piece within 
the coil in the form of (a) a block (b) a rectangle (c) a cylinder. Which is correct ? 

(viii) Two very close and parallel currents flowing in opposite directions produce (a) a 
very strong magnetic field (b) a very feeble magnetic field (c) no magnetic field at a point equi- 
distant from the wires, Which is correct ? 
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Numerical Problems : 


31. The coil of a tangent galvanometer has number of turns 7 and is of 11 cm radius. If 
the value of H be 0-2 Oe what current, in amperes, will produce a deflection of 45° in the galvano- 
meter ? [Ans. 0:5 amp.) 

32. A circular coil of wire of radius 20 cm and of 20 turns is kept vertical in the magnetic 
meridian. When current flows through the coil, a small magnet placed at the centre of the coil 
is deflected through 45°. Find the magnitude of the current... —0:38 Oe. 

[LI.T. 1974) [Ans. 0:6 amp. (nearly)} 


33.. A battery of resistance 10 ohms, is connected in series with a tangent galvanometer 
whose number of turns is 100 and resistance 40 ohms. The deflection of the galvanometer is 
45°, What deflection will be produced if 50 turns of the coil are connected to the battery ? 

[Ans. 39°48) 


©- “34. Along straight wire carries a current of 2amp. An electron travels with a velocity of 
4x 10° cm/s parallel to the wire 10 cm. from it and in a direction opposite to the current. What 
force does the magnetic field of current exert on the electron ? [Ans. 2:56x 10-7" dyne) 


35. A current is passed for half an hour through a tangent galvanometer and a copper 
voltameter connected in series. 0*4 gm of copper is deposited in the copper voltameter. If the 
deflecticn in. the tangent galvanometer be 30°, find the reduction factor of the galvanometer. 
Zeu=3 x 107* gm/coulomb, (Jt. Entrance 1974) [Ans. 0:116) 


36. A current is passed through two tangent galvanometers joined in series. The radius 
of the first coil is 3 times that of the second but the number of turns in both of them is equal. If 
the deflection recorded in the second galvanometer be 60°, what is it in the first one ? 

(Jt. Entrance 1970] [Ans. 30°] 


37.. Two tangent galvanometers A and B, are identical in construction, except for the number 
of turns in the coil. They are connected in series and a current is sent through them. The 
deflection in A is 45° and that in Bis 31°. Calculate the ratio of the number of turns in the two 
instruments. Tan 31°=0°60. [Ans. 5/3] 


38. The radius of the circular coil of a tangent galvanometer is 10 cm. How many turns 
of the coil are required to produce a deflection of 45° when a current of 0-01 amp passes through 
the coil? H=0:18 c.g.s. [Ans. 286] 

39. An electric circuit contains a battery, a silver voltameter and a tangent galvanometer 
of 30 turns of wire of 2-4 cm. mean radius, all connected in series. If 1-8 gm of silver is deposited 
in an hour, find (i) the reduction factor of the tangent galvanometer and (ii) horizontal component 
of earth's magnetic field when the deflection of the galvanometer is 45? E.C.E. of silver =0-0011182 
gm/coulomb. [Joint Entrance 1975) [Ans (i) 0:0447 c.g.s (ii) 4:352 c.g.s.] 

40, (i) A galvanometer of resistance 750 ohms can measure current up to ‘005 amp. 
What should you do to measure current up to 3 amp with it ? [Ans. 1:25 ohm shunt] 

41, The range of a milli-ammeter is up to 0-15 milli-amp. It has a resistance of 5 ohms. 
What should be done to convert it to a voltmeter reading up to 0:75 volt ? 

[Ans. 4995 ohms in series] 


Harder Problems : 


42. A 100 ampere current flows in opposite directions in two parallel wires, each of 
length 30 metres and separated by a distance of 20 cm. Calculate the force between them. 

[Ans. 6x10* dynes] 

43. A straight solenoid of length 75 cm. consists of 600 turns in which a current of 0:2 

ampere flows. What is thc magnetic flux through the solenoid, if its radius is 1-8 cm ? 

[Ans. 20:5 c.g.s.] 

44. A current i flows in a circular wire of radius a. A circular coil of radius 2a coplanar 

and concentric with the wire is added. It has 8 turns and the same current i flows in it in the 


CT 
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opposite sense. Show that the magnetic field at the centre is numerically three times as strong 
as it was before. 

45. A current of 1 ampere flows round a wire bent into a circle of 20 cm in diameter. An 
equal current flows round a circle of 2 cm in diameter suspended at the centre of the larger coil. 
What couple is required to hold the small circuit with its plane at right angles to that of the large 
one ? [Ans. 0:0197 c.g.s.] 

46. A circular coil of 18 turns of radius 12 cm carries a current of 3:5 amp. Calculate the 
value of the couple required to maintain it with its plane parallel to a magnetic field of strength 


25 dynes/unit pole. [Ans. 7:12 10* c.g.s.] 
47. Two long straight parallel wires carry currents of 10 and 15 amperes respectively and 
are situated 12 cm apart. . Find the force on 5 cm. length of each wire. [Ans. 1:25 dynes] 


48. A circular coil of 100 turns and radius 5 cm. carries a current of 0'1 amp. How 
much work is required to turn it in an external magnetic field of strength 1:5 weber/m* from a 
position in which 0 [refer to art 6.11] equals zero to one in which 6 equals 180°? 

: [Ans. 0°24 joule} 


T 
[Hints : Work cone =f nHiA sin 0.40] 
o 


49. Two coils each of 100 turns are held such that one lies in the vertical plane and other 
in the horizontal plane with their centres coinciding. The radius of the vertical coil is 20 cm and 
that of the horizontal coil is 30 cm. How would you neutralise the magnetic field of the earth 
at their common centre? What is the current to be passed through each coil ? H=0-349 Oe 
and dip angle—30*. [L.LT. 1968] [Ans.. 0-111 amp ; 0:097 amp] 

50. A cell is connected in series with a tangent galvanometer of resistance 2 ohms and a 
resistance box. When a resistance of 8 ohms is inserted in the box, the galvanometer deflection 
is 60°. When the resistance in the box is 30 ohms, the deflection is reduced to 30°. Find the 
internal resistance of the cell [Jt. Entrance 1979) [Ans. 1 ohm] 


51. A battery is connected with a tangent galvanometer and a resistance in series and the 
deflection of the galvanometer is 60°. On placing a resistance in parallel with the galvanometer, 
the deflection is reduced to 30°. If the resistance placed in parallel is 3 th of the galvanometer 
resistance, calculate the ratio of the series resistance and the galvanometer resistance, 

[Jt. Entrance 1976] [Ans. R:G—2:7] 

52. Acircular coil of 10 turns and radius 8 cm is placed with its plane at right angles to the 
magnetic meridian. If a suspended magnet at its centre makes 18 vibrations per minute with 
current in one direction and 30 vibrations per minute when the direction of current is reversed, 
what is the strength of the current, given that the field due to the coil is greater than H ? 

(Take H —0-18) [Ans. 0:049 e.m.u.] 

53. The coil of a tangent galvanometer has a radius of 15 cm and contains 50 turns. 
Assuming that it is only used to measure currents which give a deflection less than 60° and greater 
than 1°, determine the range of current in amperes for which it is available. 

[Ans. 0:001504 to 0:1489 amp.] 

54. A current flowing through a tangent galvanometer consisting of 10 turns of wire of 
radius 8 cm produces a deflection of 45° when the instrument is in a position where H=0:18 Oc. 
What alterations would you make in the instrument so that it would give the same deflection for 
a current of yo, th of an ampere ? [Ans. Increase the number of turns to 2292] 

55. The resistance of the coil of a moving coil galvanometer is 99 ohms and a current of 10 
milli-amp produces full scale deflection of its pointer. How can the galvanometer be converted 
into instruments suitable for measuring (i) currents upto 1 amp and (ii) potential difference upto 
100 volts ? [H. S. Exam. 1984) [Ans. 1 ohm shunt (ii) 9901 ohm in series] 

56. A galvanometer of resistance 120 ohm shows full scale deflection at 5x 107* ampere 
of current. What shunt should be used in parallel with it so that it may read a maximum current 
of Samp. What is the present resistance of the instrument ? [Ans, 0:012 ohm ; 0:012 ohm] 


Ph. I[—29 
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....87. A shunted galvanometer is connected in series with a resistance box and a cell of 
megligible resistance. The resistance put in the box is R,. After noting the deflection of the 
galvan the shunt is removed. It is seen that the resistance in the box has to be increased 
to Rair in order to keep the deflection of the galvanometer unaltered. Proye that the resistance 


of the | galvanometer se (R,—Rj) where S is the shunt resistance connected with the 


galvanometer. 1 U.1.T. 1968] 
1:58. A galvanometer having a coil of resistance of 100 ohms gives a full scale deflection 
when a current of 1 milliamp is passed through it. What is the value of the resistance which can 
convert this galvanometer into a meter giving a full scale deflection for a current of 10 amperes ? 
; When this modified galvanometer is connected across the terminals of a battery, it shows a 
current of 4 amp... The current drops to 1 amp when a resistance of 1:5 ohm is connected in 
series with the modified galvanometer. Find the e.m.f. and the internal resistance of the battery. 
" (LLT. 1972]. [Ans. 0:001 ohm ; 0°49 ohm ; 2 volt] 
59. A A melt having a resistance of 40 ohms gives a deflection of one scale division 
for a current of «35, th ampere, Find the magnitude of resistance and show how it must be 
connected to change the galvanometer into (i) an ammeter reading 1 ampere per scale division 
and (ii) a voltmeter reading 1 volt per scale division. 
[Ans. (ii) 0-04 ohm in parallel (ii) 961 ohms in series] 
s 60. The coil: of amoving coil galvanometer has a resistance of 50 ohms and gives a full 
scale deflection when a current of 10 milli-amp passes through it. How can you convert the 
instrument into (i) an ammeter reading upto 10 amp (ii) a voltmeter of maximum range 100 
volts 2? [Jt Entrance 1984) [Ans. (i) 0-05005 ohm shunt (ii) 9950 ohms series] 


) 


7.1. Introduction : 

Following Oersted's discovery in 1820 that magnetism could be produced 
by electricity, many scientists looked for the reverse effect—the possible 
production of electric current by means of magnetism... This was first 
accomplished by Michael Faraday in 1831. He found that a transient e.m.f. 
could be produced in a closed circuit by a magnet or by another current-bearing 
circuit. The transient e.m.f. is called induced e.m.f. and the phenomenon is known 
as electro-magnetic induction. Faraday’s discovery is the basis of the electric 
generator, the transformer and other devices which for the first time made the 
commercial development of electricity possible. 


ELECTRO-MAGNETIC INDUCTION 


7.2. Experiments to demonstrate electro-magnetic induction :. 


(A) Current induced by a magnet : Wind 150 or 200 turns of fine copper 
wire on a cardboard cylinder of radius about one inch and length about a few 
inches, Keeping the cylinder vertical, connect a sensitive galvanometer to the 
free ends of the coil, Now insert the N- 
pole of a bar magnet quickly into the 
cylinder. The galvanometer needle will 
show a sudden deflection [Fig. 7.1(@)]. If 
the magnet be now quickly pulled out, 
again a brief deflection will be obtained 
in the galvanometer but in the opposite 
direction [Fig. 7.1(b)]. As long as the 
magnet is held still in any position, no 
deflection in the galvanometer will be 
seen. Deflection is produced only when 
there is a relative motion between the coil and the magnet. 

From this experiment we can conclude that a temporary current may be 
induced in a closed circuit by moving a magnet near it. This means that if there 
be any change in the magnetic field in which the coil is situated (in the above 
experiment, the magnetic field of the bar-magnet), a current will be induced in the 
coil. In other words, current is induced in a coil if the magnetic flux (ie. the 
total number of lines of force) linked with coil changes. 

We know that when a current flows through a solenoid, it behaves like a bar- 
magnet having two poles at its two ends. In the experiments described above, 
if the direction of current flowing in the solenoid during insertion and withdrawal 
of the magnet, be observed carefully, it will be seen that the solenoid has 
developed polarities at its ends. When N-pole is introduced into the sole- 
noid, the upper end of the solenoid develops a N-polarity and when N-pole is 
pulled out, a south pole is developed at the upper end. If-instead of N-pole, 
S-pole of the bar-magnet is introduced, south pole will be developed on the upper 


(a) Fig. 7.1 (b) 
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end during insertion and a north pole during withdrawal. From these facts, 
Lenz had established a law, known as Lenz’s law which states that in all cases of 
electro-magnetic induction, the direction of the induced current is such as to oppose 
the very cause to which it is due. 

The magnitude of the induced current is found to increase with the strength 
of the magnet, with its speed of motion and with the number of turns of wire on 
the coil. All these cause an increase in the magnetic flux linked with the coil. 
Hence Faraday was able to establish the fact that the inductive effect depends 
upon the rate of change of magnetic flux linked with the coil. His law in this 
connection, known as Faraday’s law states that the induced e.m.f. in a circuit is 
proportional to the rate at which the magnetic flux linked with the circuit changes. 


(B) Current induced by current: Since a solenoid carrying a current 
behaves like a bar magnet, its lines of force will change if the current changes. If 
change of flux be applied on a nearby closed circuit, then according to Faraday’s 
law of electro-magnetic induction, an e.m.f. 
will be induced in the circuit. It can be demon- 
strated by the arrangement shown in fig. 7.2. 

P is a solenoid connected to a battery B, 
a rheostat R and a tap key K. S is another 
solenoid larger than P and it contains a large 
number of turns of insulated wire. A sensitive 
galvanometer G is connected to this solenoid. 
The solenoid P is called the primary and the 
solenoid S is called the secondary. Before the 
experiment proper, the direction of current in 
i the secondary is to be ascertained by connecting 

Fig. 7.2 a battery and a rheostat with it. Suppose, the 
current in the secondary is flowing in an anticlockwise direction. Note the direc- 
tion of deflection in the galvanometer. In the subsequent experiments, whenever the 
galyanometer will show a deflection in this direction, the current in the secondary 
is to be regarded direct. If, however, the galvanometer shows an opposite deflec- 
tion, the secondary current is to be considered inverse. Now, remove the battery 
and the rheostat from the secondary and perform the following experiments : 

(i) Allow an anti-clockwise current to flow through the primary P with the 
help of the battery and quickly thrust the primary into the secondary. A sudden 
deflection in the galvanometer will be seen and the direction of deflection suggests 
that a brief inverse current has been induced in the secondary S. If the primary 
be now jerked away, there is again a brief current induced in the secondary, but the 
galvanometer deflection indicates that it is a direct current. 

(ii) Insert the primary P into the secondary S, with the key K off i.e. with 
no current flowing in the primary. Now start primary current by pressing the 
key K. At once the galvanometer shows a sudden deflection indicating that a 
transient inverse current is induced in the secondary. If the primary current be 
increased suddenly by the rheostat, the same effect as before will be found in the 
secondary. 
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(iii) Now stop the primary current by suddenly releasing the tap key K. 
Again a brief current is induced in the secondary but it is a direct current. Same 
thing will be found if the primary current be suddenly decreased with the help of 


the rheostat. 


To remember the above results, they may be tabulated as follows : 


Experiment 
with 


x_i] 


Magnet 


EE M———— 


Procedure 


(i) Suddenly inserting the 
N-pole. 

(ii) Suddenly taking out the 
N-pole, 

(iii) Keeping 
still, 


the magnet 


Solenoid 


(i) Suddenly inserting the 
primary in the secondary, 

(ii) Suddenly jerking out the 
primary from the secondary, 

(iii) Suddenly starting the 
primary current keeping the 
primary in the secondary, 

(iv) Suddenly breaking the 
primary current, 

(v) Suddenly increasing the 
primary current keeping it in 
the secondary, 

(vi) Suddenly decreasing the 
primary current, 

(vii) Keeping the _ primary 
current on while the primary is 
in the secondary, 


7.3. Magnetic flux and flux density : 


Consider a closed surface of area A in a medium of permeability u. Suppose 
rm magnetic field of intensity H is acting perpendicular to the plane of 


that a unifo: 


the, surface 


of the field=pH. ‘From the definition 
number of lines of force passing norma 
of lines of force referred to above i 
denoted by the letter B. So, the magnetic 
is needless to mention that B is a vector quan 


(Fig. 7.3]. 


Observation and inference 


(i) Momentary inverse current 
induced. 
(ii) Momentary direct current 
induced. 
(ii) No deflection and no 
induction. 


(i). Momentary inverse cur- 
rent induced in the secondary. 

(ii) Momentary direct cur- 
rent induced in the secondary. 

(iii) Momentary inverse . cur- 
rent induced in the secondary. 


(iv) Momentary direct current 
induced in the secondary. 

(v) Momentary inverse cur- 
rent induced in the secondary. 


(vi) Instantaneous direct cur- 
rent induced in the secondary. 

(vii) No deflection and no 
induction, 


Since the permeability of the medium is p, total intensity 
of the magnetic field we may say that the 
lly through unit area=pH. The number 
s known as magnetic flux density and is usually 
flux density in the medium B=pH. It 
tity and has a specified direction. 


454 A TEXT BOOK OF PHYSICS 


If ¢ be the total member of lines of force crossing the area A, then $—4A.B. 


Here, ¢ is referred to as magnetic flux over the area A. 
If, however, the flux-density B is not per 


ege Dp pendicular to the surface A, then the flux linked 
V with the surface $—B.4. cos 9, where 0 is the 
angle between the flux density B and the normal 
A\ to the surface A. [Fig. 7.3(b)]. 
Bzun H According to c.g.s. system, the unit for 
magnetic flux-density B is Oersted/cm* and that 
for magnetic flux is Oersted. 


Fig. 7.3 According to M.K.S. system (or S.I. system), 
the unit of B is Weber/metre* (or Tesla) and that of magnetic flux is Weber. 


Positive and negative flux : 


A normal can be drawn to a plane in two different ways. When the normal 
points in the direction of B (i.e. 0—0) the flux linked with the surface is taken as 
positive. When the normal points in the opposite direction (i.e. 0=180°) the 
flux=BA. cos 180°-=—B,A and then the flux linked with the surface is taken as 
negative. 


7.4. Explanation and the establishment of the laws of electro-magnetic 
induction : 

The experiments on electromagnetic induction with a bar-magnet and a 
current-carrying coil as described in art. 7.2 may be explained with the help of 
magnetic flux and the laws of electro-magnetic induction, known as Faraday s 
laws may be established therefrom. 


It is already known that a bar-magnet produces lines of force and a current- 
carrying coil behaves like a bar-magnet i.e. it also produces its own lines of force. 
When the north pole (say) of a bar magnet or a current-carrying closed coil of wire 
moves towards another closed coil, the lines of face of the former intersect the latter. 
As the N-pole or the current-bearing coil approaches the second coil, more and 
more lines of ferce get linked up with the second coil i.e. the magnetic flux linkage 
with the second coil increases gradually. Experiments show that under this 
circumstances, a current is induced in the second closed coil. On the other hand 
if the N-pole of the bar magnet or the current-carrying coil be removed further 
away from the second coil, the magnetic flux linkage with the second coil gradually 
decreases. It is found that under this circumstances also, a current is induced in 
the second coil. If, however, the pole or the current-carrying coil be kept at rest 
inside the second coil, there is no change (cither increase or decrease) in the flux 
linkage with the second coil. Experiment shows that no current is induced in the 
second coil under this circumstances. From this Faraday came to the conclusion 
that the reason of induction of current in the second closed coil is the change of 
magnetic flux linkage with it and formulated the first law of electro-magnetic 
induction in the following way : 
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tst law: An em.f. is induced in a closed circuit and a current flows in it 
whenever there is a change in the magnetic flux linked with it. 

If the bar-magnet or the current-carrying coil mentioned above be quickly 
moved towards or taken away from the second closed coil, the induced current in 
the coil becomes stronger. On the other hand, if the movement be slow, the 
induced current becomes feeble. Now, a quick rate of approach of the bar magnet 
or the current-carrying coil towards the second coil means an increase in the rate 
of change of flux linked with the second coil. Similarly, a slow rate of approach 
means a decrease in the rate of change of flux linked with the second coil. From 
this experimental result, Faraday formulated the second law of electromagnetic 
induction which is as follows : 


2ndlaw : The magnitude of induced e.m.f. in a closed circuit is proportional 
to the rate of change of magnetic flux linked with the circuit. 

If the flux linked with each turn ofa coil be 4; and ġe respectively before 
and after an interval of time f, then the e.m.f. induced in eaeh turn is 


eo oe where ¢ is the flux change in time f. If there be n number of 
turns in the coil, the total e.m.f. induced in the coil eoc a. According to 


^ : dé . 
calculus notation, we can write ecn- i (i) 


It is to be noted that the two laws formulated by Faraday indicate (i) the 
cause (ii) the duration and (iii) the magnitude of the electromagnetic induction in a 
closed circuit. 

Let us now see how the third law of electro-magnetic induction was established 
by Lenz. We know that when current flows through a solenoid, magnetic poles 
are developed at the two ends of the solenoid which, then, behaves like a bar- 
magnet. Inthe experiment described in art 7.2, when the bar magnet is introduced 
into or taken out from the closed coil, a current in induced in the coil, which 
develops polarity on the upper face of the coil. [ref. to the rule regarding 
solenoid in art 6.4iii)]. The rule indicates that N-pole is created on the upper 
face due to the current flowing in it when N-pole of the bar magnet is inserted 
into the coil and S-pole is created when the bar-magnet is pulled out. If instead 
of N-pole, the south pole of the bar magnet is used, then S-pole will be created at 
the time of introduction and N-pole at the time of removal of the bar magnet. 
It is to be noted that the induced current in the closed coil develops such a polarity 
on the upper face of the coil that it always opposes the movement of the bar 
magnet i.e. it opposes the approach as well as the removal of the bar magnet. 

Some explanation may be adduced in the case of a current-carrying coil. 
We know that like parallel forces attract each other and unlike parallel forces 
repel each other. Now, if a current-carrying closed coil be brought near another 
closed coil, a current is found to be induced in the second coil, the direction of 
which being opposite to the direction of inducing current. Again if the first coil 
is removed away from the second coil, a current is also induced in the second coil, 
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the direction of the induced current now being same as that of the inducing current. 
In both the case, the direction of the induced current is such that it opposes the 
approach or removal of the current-bearing coil. From this fact, Lenz proposed 


the third law of electro-magnetic induction, popularly known as Lenz’s Law, 
which is as follows : 


3rd Law: In all cases of electro-magnetic induction, the direction of the 
induced current (or e.m.f.) is always such as to oppose the very cause which is respon- 

sible for inducing the current (or e.m.f.) in the circuit. 
dé 


Considering the third law, the equation (i) may be written as ex ES 
[Negative sign is due to Lenz's law] or e— -kn 2 where K is a constant. 
Selecting the units of different quantities conveniently, A may be made equal 
to Il. In that case 
dh - 
em—h-—— .. (ii 
di (ii) 
The above equation represents mathematically all the three laws of clectro- 
magnetic induction, 


7.5. Lenz's law and the law of conservation of energy : 


In describing the experiments on electro-magnetic induction, it has been 
pointed out that there is a definite relation between the direction of the induced 
current and the direction of the action that causes it. This relation is formulated 
in the law, known as Lenz's law. This law is an application of the well-known 
law of conservation of energy. It can be proved in the following way : 


Consider the experiment of fig. 7.4. If the magnet is pushed towards the 

coil, the flux through the coil increases and a current is induced in it. This current 

makes the coil magnetic. Suppose the direction 

of the induced current is such that the front 

face of the coil gets a N-pole. Then the ap- 

[B v7 2 ON) proach of the bar-magnet will be helped by the 

attraction between the N-pole of the coil and 

S-pole of the bar. It would then be unnecessary 

to continue to push the bar-magnet into the 

Fig. 7.4 coil ; the motion would reinforce itself and un- 

; limited amount of mechanical as well as electri- 

cal energy would be produced without expending any further energy. According 

to the principle of conservation of energy, this cannot happen. So the front 

face of the coil must, instead, become an S-pole, whose repulsion would oppose 

the movement of the bar magnet. Similarly when the bar magnet is taken away 

from the coil, the induced current must be in the opposite direction, making the 

front face of the coil a N-pole whose attraction opposes the removal of the bar. 

This direction of induced current is given by Lenz’s law. Hence we see that the 
law is simply an application of the law of conservation of energy. 
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Further, the phenomena of electro-magnetic induction show that a current 
may be set up in a closed circuit without the help of any battery: Apparently we 
find no source of energy to set up this current and the phenomena seem to be, at 
the first sight, contrary to the principle of conservation of energy. As a matter of 
fact, it is not so. Lenz’s law shows that whether a magnet is made to approach to or 
recede from a closed conducting coil, an extra mechanical energy is to be spent 
against the force of repulsion at the time of approach of the magnet and against 
the force of attraction at the time of removal of the magnet. The extra mechanical 
energy spent is responsible for the corresponding electrical energy involved in 
setting up the induced current in the circuit. 


Lenz's law from the law of conservation of energy : 


It can be shown in the following way that Lenz's law follows from the prin- 
ciple of conservation of energy. 

Suppose the coil (Fig. 7.4) in question is made to approach the N-pole of 
the magnet and its motion instead of being opposed, is facilitated. It would then 
follow that when the coil is just put in motion in a magnetic field it would conti- 
nually move with increasing velocity which is contrary to experience and against 
principle of conservation of energy. What actually should happen is the preven- 
tion of approach of the coil and that accomplished by setting up N-polarity at the 
front face of the coil as demanded by Lenz’s law. 

Similarly when the coil is made to recede from the N-pole of the magnet, if 
its motion is somehow facilitated then it would go on moving with gradually 
increasing velocity away from the magnet which is also contrary to experience. In 
other words, its motion is prevented by setting up S-pole at the end of the coil 
facing N-pole of the magnet as demanded by Lenz’s law. 

Thus, we see that Lenz’s law follows from the principle of conservation of 
energy. 

7.6. Self induction : 

When acurrent is started in a coil of wire, it produces a magnetic field, 
the lines of force of which become suddenly linked up with the coil itself, which 
gives rise to an induced e.m.f. opposing the growth of current in the coil. 
Similarly when the current in the coil is broken, the lines of force linked with 
the coil suddenly disappear which gives rise to an induced e.m.f. opposing the 
decay of current in the coil. 

Further, a sudden change (either an increase or a decrease) in the current 
flowing in the coil also brings about a change in the number of magnetic lines of 
force linked with the coil and hence an induced e.m.f. in the coil which always 
opposes such change of current. 

This effect in the coil itself is called self-induction. The coil, therefore, 
possesses a property called self-inductance. 

Self-inductance, often called inductance, isa constant of the coil. It depends 
upon (i) the number of turns (ii) area of cross-section and (iii) permeability of the 
core material. The larger the number of turns, area of cross-section of a coil, the 
larger is its inductance. If the coil is wound over an iron core, the self-inductance 
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increases by a factor u where p is the permeability of iron. A coil having an 
appreciable self-inductance, is called an inductor. 


Experiment to demonstrate self-induction of a circuit : 


. Prepare a solenoid L by winding a thick copper wire into several turns. It is 
connected in parallel with an electric lamp of 12 volts.. A 12-volt battery B, a 
switch S and a resistor R are connected with the solenoid as shown in fig. 7.5. 
: When the. switch S is closed, the lamp glows brightly for 
an instant and then becomes dim. When the switch is 
opened the lamp again glows brightly for a moment and 
then goes out. When the switch is closed, the back e.mf. 
in the solenoid L, prevents the current from growing up 
rapidly through the solenoid. The solenoid therefore acts 
as though it had a very high resistance, so that practically 
all of the current passes through the lamp. .When the 
current becomes steady and this happens in a very short 
time, there is no back e.m.f. in the solenoid L and a part of 

Fig. 75 the current flows through the lamp and a part through the 

P solenoid. When, the) switch is opened, the magnetic lines 

of force vanish, inducing,a.current in the solenoid. This current flowing through 
the lamp, causes it to light up momentarily to full brightness. 


aiapeps 


7.7. Co-efficient self-induction and its units : 

Suppose, the current flowing in a coil at any instant is i and the total 
number of lines of force linked with the coil=N. In this case, 

Noi or N-Li. [L-a constant] 

Here, L is a constant, known as the co-efficient of self induction. If i=1, 
N-L. So we can say that the flux linkage with a coil when unit current flows 
through it is numerically equal to its co-efficient of self-induction. From the above 
equation we get, 

The rate of change of flux —/ x rate of change of current. 


dN ,di dN ,di di z 
} ae) Sette p. Me ==, ae SUN 2—], =e, is res. a 
or à L à or. e di L d ow when at 1 e. This gives an 


alternative definition of the coefficient of self-induction. 

The coefficient of self-induction of a circuit is defined tobe numerically. equal 
to. the e.m.f. induced in the circuit due to unit rate of change of current in it. 

Units : 

(i) Absolute unit: It is the inductance of a coil (or a circuit) in which 
| e, m.u. of e.m.f. is set up by change of current at 1 e.m.u. per sec... It is called 
1 e.m.u. of inductance. : : 

(i) Practical unit: It is the inductance of a. coil (or a circuit) in which 


e.m.f. of 1 volt is set up by the change of current at 1 ampere per second. It is 
called henry. 


1 henry=10° e.m.u. of inductance. 
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Example: What is the em.f. induced in an inductor of 10 henry when. the 
current through the inductor changes from 10 amperes to 7 amperes in 0:9 second ? 
Ans. : We know, the induced e.m.f. e= A ey. Ge 


Hence, L=10 henry 71,257 amp ; i;=10 amp and 1=0.9 sec. 
e=— a volt—33:3 volts. 


7.8. Non-inductive coils : 

The -'self-inductance. of a. coil depends upon its area of cross-section, 
shape, number of turns and manner of winding. . In. fact, every conductor, 
straight or bent, possesses self-inductance. A. straight conductor possesses far 
less inductance than when it is wound in the form of a solenoid. Now, 
in the construction: of resistance boxes, resistance. coils, P.O. Boxes etc. 
coils of wire are used, which, obviously possess high self-inductance, which is, 
undesirable in many experiments. To minimise the effect of self-inductance in 
such resistance coils, the coils are wound so as to set up extremely small magnetic 
fields. In this case the wire is doubly wound on itself before being coiled up. 
Such a coil is said to be non-inductive. Each i 
turn is in’ close contact with a similar turn 
carrying current in the opposite direction. The 
magnetic effect of one is completely neutralised 
by the other (see art 6.5). Thus the resultant i 
magnetic flux and the self-inductance are negli- Fig. 7.6 
gibly small. In the case of a post office box, or resistance box, all the resistance 
coils are non-inductively wound on bobbins (Fig. 7.6). 


7.9. Mutual induction : 
Suppose we have two coils P and S, each of several turns of wire, placed 
near each other. A battery B and a key K are 
joined in series with the coil P and a sensitive 
galvanometer G with the coil S (Fig. 7.7). If 
current be started in the coil P by pressing 
the key K, there will be a momentary deflec- 
tion in the galvanometer G connected. with 
coil S. When the current in the coil P 
becomes steady, the needle of the galvano- 
Fig. 7.7 meter comes back to its zero position. The 
reason is as follows : 

When the current in the coil P is started, the lines of force of the magnetic 
field produced by it get linked up with the coil S (shown by dotted lines). This 
change of flux sets up an induced e.m.f. and hence a current in the coil S. It is 
to be noted that this momentary current in the coil S. is opposite to the current 
in the coil P. If now the current in the coil P be stopped by releasing the key K 
there will again be a sudden deflection in the galvanometer, G but in the opposite 
direction. The reason is that with the stoppage of current in the coil P, the 
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magnetic flux linked with the coil S disappears and this again sets up an emf. 
in the coil S in the opposite direction. 

Not only at the make and break of the current in the coil P, there will be a 
deflection in the galvanometer of the coil S whenever there is a change in the 
current (either an increase or a decrease in it), Same result will be obtained if 
the battery is connected to the coil S and the galvanometer to the coil P. In 
other words, the effect is really mutual. 

This effect of setting up a momentary current in a coil by changing the 
current in another adjoining coil is called mutual induction. 

The mutual inductance depends upon (i) the number of turns in the coils P 
and S (ii) their geometrical shape and (iii) their separation. It is maximum when 
the primary P and the secondary S are parallel to each other because the entire 
flux of the primary P then links with the secondary S. It is minimum when 
the coil P is perpendicular to the coil S. The mutual inductance is further in- 
creased if the primary coil is wound over an iron core, by a factor p, where p is 
the permeability of iron. 


7.10. Co-efficient of mutual induction and its units : 

It is easily understood that the magnetic flux linked with the coil S 
(Fig. 7.7) depends upon the current flowing in the coil P. If the lines of force 
i.e. the magnetic flux linked with the coil S be N when the current in the coil P 
is i then, Noci or N— M.i. where M is a constant and is known as the co-efficient 
of mutual induction between the coils. 

If i=1, N— M. Thus, the coefficient of mutual induction between two coils 
is numerically equal to the flux linkage with one when unit current flows through 
the other. 

From the aforesaid relation, we can write, 


The rate of change of flux in the coil S (=) 


=M xrate of change of current in (=) 


i.e. the e.m.f. induced in the coil S(e)— M x rate of change of 
current in P (2) 
dt 


d 

From this we get an alternative definition of the coefficient of mutual 
induction. 

The coefficient of mutual induction between two coils is numerically equal to 
the-e.m.f. set up in one coil due to unit rate of change of current in the other. 

Units: -. 

(I) Absolute unit : If one c.m.u. of e.m.f. is induced in à coil due to a rate 
of change of current at 1 e.m.u. per second in the other, the two coils are said to 
have 1 e.m.u. of coefficient of mutual induction between them and it is the absolute 
unit of the coefficient. 


When oat, e=M 
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(2) Practical unit: If an e.m.f. of 1 volt is induced in a coil due to a rate 
of charge of current at 1 amp. per second in the other, the two coils are said to 
have 1 henry of coefficient of mutual induction between them and it is the 
practical unit of the coefficient. ` 


7.11. Ruhmkorff's induction coil : 


The most important example of the application of mutual inductance is 
Ruhmkorff's induction coil. It converts a large current at low voltage into low 


"a SECONDARY (S) 


Fig. 7.8 


current at high voltage. The essential parts of the instrument have been shown 


in fig. 7.8. 

(i) Core: It consists of a bundle of soft iron strands insulated from 
each other and is placed inside a hollow cylinder made of some non-conducting 
material like vulcanite or ebonite (C). 

(ii). Primary coil : It consists of a coil (P) of comparatively few turns of 
thick copper wire well insulated. from each other and wound over the core. ^ 
battery is connected to the ends of the primary coil. 

(ii) Secondary coil : The secondary coil (S) is wound over another hollow 
cylinder of non-conducting material, covering the primary coil and is made of 
thin copper wire. It consists of very large number of turns of the order of several 
thousands. In a powerful indution coil, the secondary runs into miles in length 
and the turns are well insulated from each other. The resistance of the secondary 
coil is high due to its small area of cross-section and large length. Since the 
number of turns of the secondary is large, it can produce high voltage due to change 
of flux linked with it. The ends of the secondary coil are connected to two dis- 
charging knobs K-K whose distance apart may be varied. 

(iv) Contact breaker : It is an automatic make and break arrangement 
with which the primary current can be started and stopped. The soft-iron hammer 
H is supported by a spring which carries a soft-iron armature A. There is an 
adjustable screw D which has a fine platinum tip. When the tip of the screw D 
touches the armature A, current trom the battery B flows through the primary 
coil. The magnetic field it produces magnetises the soft-iron strands of the core 
which attract the hammer H towards it. When the hammer H moves towards 
the core, the contact between the armature A and the screw D breaks and the 
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primary current stops with the result that the soft-iron strands are demagnetised, 
The hammer H relieved of the attractive force of the core, springs back to its 
original position due to spring action, and restores the contact between the 
armature 4 and the screw D. Again current flows through the primary and the 
whole process is repeated over and over again. It therefore automatically, makes 
and breaks the primary circuit. 


Action; At the time of make, current passes through the primary and a 
large flux is set up in the secondary. As a result, an e.m.f. is induced in each turn 
of the secondary. Since the secondary contains a large number of turns, the 
resultant e.m.f. induced across the secondary is very high. At the time of break 
the current in the primary falls from maximum to Zero, causing a maximum 
change of flux in the secondary. As a result a very high e.m.f. is induced in the 
secondary during break also but in the reverse direction. So, we see that during 
a complete cycle consisting of a make and a break, two opposite e.m.f.'s are 
induced in the secondary. 


Now, the rate of decay of current in the primary is very high compared to 
the rate of growth of current. For this reason, the e.m.f. induced at break is 
much higher than the e.m.f. induced at make. So, in a complete cycle, a resultant 
e.m.f. is left in the secondary. Since the number of turns of the secondary are 
large and the frequency of make and break high, a large e.m.f. is developed across 
the sparking knobs in a short while. 


Function of the capacitor : When the primary circuit is broken, an e.m.f. is 
induced due to self-inductance in the primary windings which causes a spark 
between the armature and the screw-tip when they are apart. This spark gradually 
damages the platinum tip of the screw D. In order tó prevent it, a capacitor C, 
is used in parallel to the contact breaker. The capacitor absorbs the energy and 
avoids sparking. The capacitor actually slows down the fall of the primary current 
at the instant of break ; but in doing so, it prevents the induced e.m.f. in the 
primary from rising high enough to cause a spark. And the rate at which the 
primary current falls, in charging the capacitor, is greater than the rate at which 
it would fall if a spark were passing. Thus, with a capacitor, the secondary e.m.f. 
is less at the instant of break than without one, but it is greater throughout the 
rest of the fall of the primary current. Censequently, the average secondary 
voltage at break is higher with a capacitor than without it ; in practice, it is almost 
double. To get the greatest possible secondary voltage, the capacitance of the 


capacitor is so chosen that it just Suppresses sparking at the contact between the 
armature and the screw-tip. 


i 
| 
| 
| 
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*7.12. E.M.F. induced in a conductor moving in a magnetic field : 

Consider a straight conductor X Y lying on the parallel rails AB and CD 
of a conductor ABCD [Fig. 7.9]. The frame ABCD and the conductor XY lie 
in plane of the paper (say). A uniform 
magnetic field H is acting perpendicular 
to the plane of the paper. In this condi- 
tion, the magnetic flux linked with the 
closed circuit— H x area BXYC 

Tf, now, the conductor XY moves 
to the right with a velocity v and goes 
to the position X'Y' in a small interval 


x x 
B rdi i A 


of time dt, then the magnetic flux linked c & v o 
with the closed circuit in this position 1 
—Hxarea BX' Y'C Eig. TA 


change of flux d$ —H (area BX’ Y'C —area BX YC) 
—HxareaXX' Y' Y 


=Hx1xv.dt 
where /—length of the conductor between the rails AB and CD and XX'=v.dt. 
This change of flux induces an e.m.f. in the circuit, given by en P gs, 


The direction of induced current in the circuit is given by Lenz's law. 

Example: Calculate the e.m. f. induced between the ends of an axle 1:75 metre 
long of a railway carriage travelling on level ground with a uniform speed of 50 
kmlhr. The vertical component of earth’s field is 0*5 Oe. 

Ans. We know, the e.m.f. induced— H./.9 e.m.u, when the quantities are 
expressed in c.g.s. units. 


1 
Here, H—0:5 Oe; I=1:75 metre—175 cm and v=50 km/hr=20~!0 
60» 60 
=, 104 cm/s. 
& ^1 "Sx RS 
e SX 15x 5x 100 SX Ix 5x 1060s :22 x Ipr.volt 


36 OS dox 10s 


*7,13. E.M.F. induced between the two ends of a conductor rotating in a 
uniform magnetic field : 
Consider a conductor of length Z rotating in 
the plane of the paper with an angular velocity œ 
about the point O. A uniform magnetic field B is 
acting perpendicular to the plane of the paper. As 
the conauctor rotates, a change of flux will be associa- 
ted with it which induces an e.m.f. in the conductor. 
Now, consider a small length dx at a distance 
X from the centre O. If the element moves with a 
velocity v perpendicular to the magnetic field B, the 
Fig. 7.10 em. induced on this element dE=B.v.dx [See 
art 7.12]. The conductor may be considered to be made up of numerous such 
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small elements, the angular velocity of each element being œ. Since the element, 
under consideration, describes a circle of radius x, its linear velocity v=a.x. 
e g dE=B.o.x.dx. 


Hence integrating the above over the whole length, the total e.m.f. induced 


A i 
E= í Bo.xdx=4BoL? 
LU 


It is to be noted that rotation of an armature in a magnetic field is the 
basic principle of a dynamo. 


Example 1: 4 fan blade of length 21 rotates with a frequency n cycles per sec. 
perpendicular to the vertical component B of earth's magnetic field. Find the p.d. 
between the centre and the end of the blade. 

Ans. The e.m.f. induced E—3B.oL?, 


Here @=27n and L=the length between the centre and the end of the 
blade=/. 


E-—4.B.2nxn.l?—Bn.l? e.m.u. 

Example 2: A conductor 30 cm long rotates about one end at 1%) revolu- 
tions per minute in a plane perpendicular to a magnetic field of intensity 500% oersted. 
Find in volts, the e.m. f. induced between the ends of the conductor. 

[Jt. Entrare 1984] 

Ans. We know E—3BoL* 


Here B=5000 Oc ; a—2nn—2xx uw 5930 om. 


E=} x 5000 2x =a « 30x 30 e.m.u. 


—235:5 x 10° RECTE volt—2:35 volt. 


7.14. Dynamo : 


Modern civilization is entirely dependent on electrical power and for 
large scale supply of electric power, dynamo is an essential device. Dynamos 
are of two types: (i) Alternator or A.C. dynamo which produces alternating 
current in a circuit and (ii) D.C. dynamo which produces direct current (D.C.) 
in a circuit. 

The principle of action of a dynamo is based on electro-magnetic induction. 
If a closed coil be continuously rotated in a magnetic field, the flux linked with the 
coil will. constantly change and according to the principle of electromagnetic 
induction, an e.m.f. will be set up in the coil. If an external circuit be connected 
to the rotating coil, then an alternating current will flow through the circuit due to 
the induced e.m.f. in the coil. The alternating current can be converted into 


direct current by the use of a commutator. Brief descriptions of the above two 
types of dynamo are given below. 


| 
| 
4 
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(i) A.C, dynamo: Fig. 7.11 illustrates the construction of a simple form 
of A.C. dynamo. The machine consists of a rectangular or cylindrical coil of 
fine insulated copper wire wound on an iron frame. 
It is called the armature of the machine. It rotates 
in the magnetic field of a permanent magnet. Oil or b. EN 
steam engine is used to rotate the armature. In hydro- 
electric installation, water power is utilised for the SPEI. 


MAGNET 
ARMATURE 
AN 


rotation of the armature. The ends of the armature COMMUTATOR 
coil are connected to two metallic slip-rings mounted [exiens "m 
on the armature spindle. The slip-rings rotate along | CIRCUIT 


with the rotation of the coil. There are two carbon 
brushes which ate made to press lightly against the 
slip-rings during the rotation of the armature coil. The external circuit is 
connected to the carbon brushes. 

When the armature is rotated, the coil intersects the lines of force of the 
magnetic field produced by the permanent magnet and according to the laws of 
electro-magnetic induction, an emf. is induced in the armature coil, The 
direction of the induced e.m.f. may be obtained from Fleming’s right hand rule or 
Dynamo rule. The rule is as follows : 

Extend the thumb, the forefinger and the second finger of the right hand 

mutually at right angles (Fig. 7.12). If the forefinger 
prodi. points in the direction of the field and the thumb in 
: the direction of the motion, then the second finger 


Fig. 7.11 


$ will point in the direction of the induced e.m. f. 

a, A Suppose the armature coil ABCD moves in 

3 MOTION OF the magnetic field of the magnet N-S about a hori- 

8 mene ae zontal line XY as axis, The direction of its rota- 
Fig. 7.12 tion has been shown by the arrow head. As a 


starting point, consider the instant when the plane of the coil is horizontal [Fig. 
7.13(i)]. Now, the arm AB will move upward and the arm CD downward. If 
Fleming’s rule be applied on both the arms, it will be seen that the induced current 


i (i) Fig 7.13 (ii) 
flows from A to B in the arm AB and from Cto D in the arm CD. Considering 
the whole armature coil, the current flows along ABCD, until the plane of the coil 


Ph, 1—30 
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becomes vertical [Fig. 7.13(ii)]. In this position the arms of the coil move along 
the lines of force. No cutting of lines takes place and therefore the e.m.f. gene- 
rated at this instant is zero. Next moment the arm AB goes downward and the 
arm CD upward. If Fleming’s rule be again applied to the arms, it will be seea 


that the direction of current in the arms is now reversed. The reverse current - 


‘will continue to flow till the armature coil is again vertical. To remember the 
‘sequence easily it may be said that (i) when the coil crosses the vertical position, 
the direction of the current is reversed and (ii) the current becomes maximum 


‘when the coil is horizontal. and minimum when itis vertical. So, we see that — 


during one half of the rotation of armature coil, the current flows in one direction 
while during the other half, the current flows in the reverse direction. If any 
external circuit be connected to the dynamo, the current through the circuit will 
be alternating. 

7.15. Alternating Current : 


Fig. 7.14 shows the different positions of the armature coil ABCD as 
it revolves in the magnetic field. No e.m.f. is induced when the coil is 


vertical [Fig. (4). As the coil rotates in the direction ot the arrow towards the 


position (b), it cuts more and more lines of force and hence the induced 
em.f. also increases more and more. After rotating through full 90° 
when the coil comes to the horizontal position |Fig. (5)], the induced e.m.f. 


Y I ie 
(a) o id) ie 


i) T) j 


` 


TIME 


Fig. 7.14 
becomes maximum. After this when the coil approaches the position (c), the 
flux linkage gradually decreases and the induced c.m.f. also decreases until at the 
position (c) when the coil is again vertical, the e.m.f. is zero. So, during the 
one half of the revolution of the armature the e.m.f. grows from zero value to 
maximum and then to zero value again. 

; During the next half cycle, as the coil moves towards the position (d), the 
direction of the induced e.m.f. becomes reversed. From fig. 7.14, it is clear that 
the direction of e.m.f. in the arm AB at the position (b) is exactly opposite to the 
direction of the c.m.f. at the position (d). These directions are obviously obtained 
by the application of Fleming’s right hand rule. In this half cycle when the coil 
occupies the position (4), the flux linkage is maximum and hence the e.m f. induced 
is also maximum but reverse. After that as the coil rotates towards the position 
(e) the induced emf - gradually decreases. This cycle of changes will be repeated 
Pos and over again as long as the armature coil continues to rotate in the magnetic 
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This cycle of change of e.m.f. is graphically shown below the fig. 7.14. The 
graph clearly shows that the e.m.f. is alternating, that is, it goes first in one 
direction, then in the opposite. If, now, the coil is connected to an external 
circuit by means of slip-rings and brushes, the current furnished to this circuit 
will be alternating current (A.C.). 

Such alternating voltage or e.m.f. may be represented by the following 
equation : 


t 
E=E, sin 27 —.* 
o Sin 27 z 


Here E denotes the e.mif. existing in the circuit at any time f, Ep 
the maximum value of the e.m.f. in the circuit (also known as peak value) and T 
the time-period of change of the e.m.f. (i.e. of the revolution of the coil). 


At t=0, 7/2 or T (i.e. the positionsia, c and e in the fig. 7.14), sin = t=0 and 
hence £=0. At (— TJA (ic. the position b in fig. 7.14), sin Brot and hence 


E=+E). Again at 1=37/4 (i.e. the position d in fig. 7.14), sin Fics! and 


hence E= — Eo 


The e.m.f. thus changes from 0 to 0 through --E, and again from 0 to 0 
through — Zp i.e. in the reverse direction during one complete rotation of the coil. 
E.M.F. of such alternating magnitude and direction is known as alternating e.m.f. 


Such alternating e.m.f. acting in a circuit sends an alternating current of a 


similar sine equation which is as follows: I= sin 2n. 


Here also current assumes maximum value (or the peak value) +-Jo at 
t—T]4, 57/4, ..etc and —7/, at t=37/4, 77/4. .etc 

The current becomes zero at t=0, 7/2, T...etc 

Alternating e.m.f. or current is generally measured by its root mean square 
(abbreviated as r.m.s.) value. The r.m.s. value of an alternating quantity is the 
square root of the mean value of the squares of the quantity over a complete cycle. 


*Suppose the coil has an area A and at any time f, its plane makes an angle @ with the 
direction of the magnetic field of intensity H. The flux through the coil= A.H. cos 0. If the coil 
has n turns, the total flux linkage d n.A.H. cos 0. 

If the coil rotates with a uniform angular velocity @, then 0— Qt. So, flux linkage with the 
coil at the instant t is p=nAH. cos Or. 

According to Faraday’s law, the e.m.f. induced E at the instant due to change of flux linkage, 


d t 
is given by, E= -2 — (eH. cos Ot) — —nAH di (cos Qt) - nAH.Q. sin Ot 


If T be the time period of revolution of the coil, then o-= 


+, E=nAH@. sin T t=E, sin t, where E>=nAHO= maximum value or peak value 


of the induced e.m.f, 
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Ti can, be proved that the r.m.s. value of e.m.f. E= 2, - 0101 Ey where E, is its 


Er En. ; 
peak value, Similarly, the r.m.s. value of current /— v? 707 Is where Jy 


is its peak current. 
For example, an a.c. of 220 volts means that the r.m.s. value of the e.m.f. 


is 220 volts. So, its peak value E,—4/2X 220—311 volts. This shows why'a 
shock from 220 volt a.c. is more fatal than a shock from 220 volt d.c. ; 220 volt 
dic. remains 220 volt always but 220 volt a.c. momentarily becomes 311 volts 
when it assumes peak value and a shock from such high voltage is very Cangerous 
for human bodies. 

For long distance power transmission, A.C, has been found to be very 
economical. For this reason, more than 90% of the electrical energy uscd now-a- 
days for commercial purposes is generated as alternating current. 


746. D.C. Dynamo : 

If A.C. dynamo is provided with a commutator, it becomes a D.C. 

dynamo. Fig. 7.15 illustrates the construction of a D.C. dynamo. 

In a D.C. dynamo, the ends of the armature coil are connected to a single 
split ring with two diametrically opposite carbon 
brushes. This is known as the commutator. The 

» split ring rotates along with the armature. The 
external circuit is connected to the carbon brushes. 
As the armature rotates, an alternating e.m.f. is 
induced as in A.C. dynamo in the armature coil 
but the brushes are so arranged that when the coil is 
passing through the vertical position, the two 
halves of the split ring are just on the point of 

Fig. 7.15 changing contact from one brush to another. 

Hence, although during the second half of rotation the current is reversed in the 

armature coil itself, the changeover between brushes and commutator halves 
ensures that one brush always remains positive and the other always negative, 
with the result that the current in the external circuit is unidirectional. 

Fig. 7.16 shows the actual appearance of a D.C. dynamo. 

Advantage and disadvantage of a.c. and d.c. : 


Direct currents (d.c.) are less easy to generate than alternating currents (a.c.) but. alternating 
e.m.f's are more convenient to step up or to step down with help of a transformer. Moreover 
for distribution of electricity over a wide area, alternating current is found to be more economical. 
The national grid system, which supplies electricity to the whole country, is therefore fed with a.c. 
Alternating current is just as suitable for heating as is d.c., because heating effect of a current 
does not depend on the direction of the current (Hoci*rt). It is also equally suitable for lighting 
because filaments of electric bulbs depend on the heating effect and neon lamps function as well 
ona.c.asond.c. Small motors of the size used in water pumps or refrigerators run satisfactorily 
on a.c. but large ones, as a general rule, do not. D.C. is, therefore, used on most tramway or 
electric railway systems. 

For electrolysis purposes, however, a.c. is useless. The chemical effect of a current reverses 
its directi on if a,c, is used and it would cause merely a small amount of the metal to be alternately 
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deposited-and dissolved. For electroplating and for battery charging, direct current is always 
used. tt may be pointed out that an a.c, may be conyerted into d.c. by a suitable rectifier (see 
art 2.3 in modern physics) and a d.c. into a.c. by a suitable convertor. , 


TERMINALS ARMATURE 
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Fig. 7.16 


7.17. Motors í 

The principle of action of electric motors is exactly opposite to that of 
dynamos. Dynamos convert mechanical energy into electrical energy but 
motors. perform the reverse work viz. conversion. of electrical. energy into 
mechanical one. 

Motors are of two types :—(i) Direct current motors or D.C. motors and 
(ii) Alternating current motors or A.C. motors... In, the following paragraphs, we 
shall discuss, in brief, the construction and the action of a D.C. motor. 

The construction of a D.C. motor is same as that of a dynamo, having 
atmature, field magnet, carbon brush, commutator etc. Figs 7.17(i) and (ii) 
illustrate the action of a D.C. motor. ABCD is the armature coil. It is capable 
of rotating about a horizontal spindle LL, in the magnetic field produced by the 
field magnet N-S. At the starting point, suppose current from a battery flows in 
the direction DCBA through the armature coil which is in a horizontal position. 
In this condition, the. positive pole of the battery is joined to the P-half of the 
commutator and the negative pole to the Q-half.. By applying Fleming’s left 
hand rule it will be seen that the side AB of the coil experiences an upward force 
and the side CD a downward force, for the direction of current in the two arms is 
opposite. These two forces constitute a couple which causes the coil to rotate 
about the axis LL in the direction of the arrow [Fig. 7.17(i)], until the coil reaches 
the vertical position [Fig. 7A7(i). At this instant, the brushes touch the space 
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between the split-rings and the current is cut off. But due to inertia of motion, 
the rotation is continued and the coil goes past the vertical. When this occurs the 
two halves P, Q of the commutator automatically change contact from one brush 
to another i.e., the positive pole of the battery comes in contact with the half Q 
and the negative pole with the half P. This reverses the current through the coil, 
and the current now flows in the direction ABCD. By applying Fleming's left 
hand rule to the arms of the armature again, it will be seen that the direction of 
the forces on the arms has also reversed. The side CD now experiences an upward 
force and the side 4B a downward force. The coil thus continues to rotate in the 
same direction as long as the current flows through the armature. By increasing 


[0] Fig. 7.17 (ii) 


the current strength and using a powerful magnet, the armature may be made to 
rotate at a great speed. This is the working principle of a D.C. motor. 


Electric motors are used in electric fans, tram cars, pumps, rolling mills etc. 


Back e.m.f. in motors : When the armature coil of a motor rotates in the magnetic field of 
the field-magnets, the flux-linkage with it changes and an e.m.f. is induced in its windings. Accor- 
ding to Lenz’s law, this e.m.f. opposes the current which makes the coil turn. It is, for this reason, 
called a back e.m:f. If E be the e.m.f. of the battery connected to the armature coil, and V the 


E— 
back e.m.f. induced then the armature current is i= E where r=theresistance of armature coil. 


Generally the resistance of an armature is low—of the order of 1 ohm. 


The back e.m.f. is proportional to (i) the strength of the magnetic field and (ii) the speed of 
rotation of the armature. When the motor is first switched on, the back e.m.f. is zero ; it rises 
as the motor gathers specd. In a large motor, the starting current would be dangerously high ; 
to limit it, a variable resistance is inserted in series with the armature which is gradually reduced 
to zero as the motor speeds up. 


When a motor is running, the back e.m.f. (V) is not much less than the supply voltage (E). 
For example, a motor running off the mains (E—220 volts, say) might develop a back e.m.f. 
V=210volts. Ifthe armature has a resistance of 1 ohm, say, the armature current, during running 
condition, is 10 amp. When the motor was switched on, the armature current would be 220 
amp., if no starting resistor is used. Such high current will burn out the coil of the armature. 
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Exercises 


Essay type : 
—— 


1. What is induced current ? Describe experiments to produce induced current by à 
magnet and a current carrying coil. 

2. Describe, in brief, the experiments in connection with electromagnetic induction. 

3. What are the laws of electromagnetic induction ? Explain them with suitable experi- 
ments. 

4. State Faraday's laws of electromagnetic induction. How will you determine the direc- 
tion of the induced e.m.f. ? [H. S. Exam. '83] 

5. What is induced current 1 Describe two experiments to produce induced current. 
Upon what do (i) the duration (ii) the direction and (iii) the magnitude of induced current depend ? 

6. State Lenz's law and explain, with the help of the law the production of induced current, 

7.. What are self and mutual inductions ? What are their practical units ? 

[of. H, S. Exam. 1981] 

8. Describe and explain the action of an induction coil. Why is the primary of the coil 
made of a few turns of thick wire and the secondary of a large number of turns of fine wire ? 
What is the function of the condenser in this instrument ? 

9, What is a dynamo ? What is its principle ? Describe and differentiate between a.c. 
and d.c. dynamos. 

10. Draw a neat diagram of a simple form of a dynamo and explain how it delivers current 
to an external circuit. What kind of energy is converted into electrical energy in this machine ? 
How is this energy supplied to the machine ? LH. S. Exam. 1983) 

11. What is the function ofa motor ? Compare the working principles of a motor and a 
dynamo. 

12. Explain what you understand by alternating current ? What are the peak value and 
r.m.s. value of an alternating current ? What is their relation ? 


Short answer type : 


13. You are given à coil of wire connected to a sensitive galvanometer. Explain, with 
reasons, what happens in the following cases :—(a) suddenly the N-pole of a bar magnet is 
inserted in the coil (6) the bar-magnet is kept steady in this position (c) the bar-magnet is suddenly 
withdrawn from the coil. 

14. Explain, with the help of Lenz’s law, what will be the direction of the induced current 
when (i) the S-pole of a bar-magnet approaches a coil (ii) the pole is removed far away from the 
coil. 

15. Explain, with the help of Lenz's law, what will be the direction of induced current in a 
coil when (i) N-pole of a magnet is brought near the coil (ii) the pole is removed from the 
coil. 

16. In the experiments mentioned below, state with reason in what direction current will 
flow in a given closed coil (i) the N-pole of a magnet is brought quickly near one end of the coil 
(ii) the S-pole of a magnet is rapidly moved away from that end of the coil (iii) what is meant 
by coefficient of self inductance ofacoil? Whatis the practical unit of it ? [H. S. Exam, 1984] 

17. What is the source of energy of the induced current ? How can you establish Lenz's 
law from the principle of conservation of energy ? [H. S. Exam. 1981} 

18. What are self and mutual inductions ? What are their practical units ? 

19. A cylindrical bar-magnet is kept along the axis of a circular coil of wire. Will there be 


any current induced in the coil if the bar-magnet is rotated about the axis ? 
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[Hints : As the bar-magnet is cylindrical in shape, its rotation about its own axis makes 
no difference in the flux linkage with the coil. Consequently no current is induced in the coil.] 


20. A copper ring is held horizontally and a bar magnet is dropped through the ring with its 
length along the axis of the ring. Will the acceleration of the falling magnet be equal to, greater 
than or less than that due to gravity ? (LLT. 1974. Jt. Entrance '85) 

21. Two similar circular coils A and B are kept parallel to each other, their centres lying 
on the same axis. A currentis flowingin the coil B and when looked from the coil-A, the current 
is clockwise. Looking from the coil B, what will be the direction of induced current in A when 
(a) the current in the coil is increased and (6) keeping the current in B steady, the coil B is moved 
towards the coil-A. [LLT. 1971] 

> [Hints : (a) When the current in the coil B is increased, the flux linked with the ccil A 
increases. Consequently a current is induced in the coil, whose direction, according to Lenz’s 
law will be such as to oppose the increase of flux i.e, its direetion will be oppcsite to that of the 
current in the coil B. Since when looked at from the direction of B, its current appears anti- 
clockwise, the direction of the induced current in 4. when looked from the same direction, will 
appear clockwise ; (b) when the coil B is moved towards the coil-A, the flux linked with the coil-A 
increases and similar to the case (a), the induced current in A will oppose the increase of flux. In 
other words, the direction of induced current, as in (a), will be clockwise.) 

22. A bar-magnet is pulled quickly through a conducting loop along its axis with a uniform 
velocity such that its south pole enters the loop first. Draw qualitatively (a) the induced current 
and (6) the joule heating as a function of time, (Take induced current to be positive if it is clock- 
wise when viewed along the path of the magnet.) 

[Hints ; (a) When the south pele is sufficiently away from the loop, a few lines of force 
intersect the loop. As the south pole approaches the loop, larger number of lines of force get 
linked with loop and hence the induced current 

increases, The direction of the induced current 


is such that the plane of the loop facing the 
south pole develops south polarity i.e. looking 
from the direction of approach of the south 
pole, the current is clockwise and hence positive. 
When the south pole reaches the centre of the 
locp, the positive induced current is maximum. 
Afterwards when the south-pole moves away 


from the loop, the current becomes anticlock- 

wise and hence negative. This negative induced 

Fig. 7.18 (b) Current for the same reason stated before, 

Ped increases to a maximum value and then slowly reduces to zero. Represented quali- 

tatively in a graph, it will look like fig. 7.18(@). (b) Since Joule heating is proportional to square 

of the current (Hoci*), the heat produced by the negative induced current is positive. — So, if 
Joule heating be represented graphically as a function of time, it will be like fig. 7.18(2)]. 

23.” A long wite, carrying à current, is folded back on itself, so that the currents in the two 

halves are very near to each other and oppositely directed. What will be the self-inductance of 

the wire ? 


Objective type : 
24. A few probable answers are given to each question below. "Mark the answer you 
consider correct : 
den (a) A copper ring is held horizontally and a bar-magnet is dropped through the ring with 
its length along the axis of the ring. Will the acceleration of the falling magnet be equal to that 
due to gravity ? Ans. (i) equal to gravitational acceleration (ii) greater than: gravitational 
acceleration (iii) less than gravitational acceleration. 
(b) Two coils of wire are so connected in series that same current flows through them but 
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in opposite directions. Will the flux linked with any coil due to the current in the other be greater 
than when the currents are in the same direction ? Ans. (i) greater (ii) less (iii) same (iv) no 
lines of force will be linked. 

(c) Does the self inductance of a coil depend on the medium in which it is placed ? 
Ans. (i) Depends (ii) Does not depend. 

(d) Does the coefficient of mutual induction between two coils depend upon the number 
of turns of the coil ? Ans. (i) Increases with the increase of number of turns (ii) decreases with 
the increase of turns (iii) independent of the number of turns. 


Numerical type : 


25. A plane, having wing span of 30 metre, is flying horizontally with a speed of 100 metres/s. 
If the horizontal intensity of earth's magnetic field there be 5x 10-5 Weber/m*, find the p.d. 


developed at the ends of the wing ? [Ans. 0-15 volt] 
26. How many volts are produced in a wire 12 cm long which cuts directly across a flux 
whose intensity is 14,000 gauss, if it moves at a speed of 2 metre/s. ? [Ans. 0:336V] 


27. Asquare metal wire loop of side 10cm 
and resistance 1 ohm is moved with a constant 
velocity v; in a uniform magnetic field of induc- 
tion B=2 Weber/m? as shown in fig 7-19. The 
magnetic fieldlines are perpendicular to the plane 
of the loop (directed into the paper) The 
loopis connected to a net work of resistors each 
of value 3 ohms. The resistance of the lead 
wires OS and PQ are negligible. What should 
be the speed of the loop so as to have a steady Fig. 7.19 
current of 1 milliampere in the loop ? [.Z.7. 1983] Ans. 2 cm/s] 

(Hints: e=B.1.v.=2x x i7* 107? x v, volt. 
Circuit resistance=3+1=4 ohm .. e-—1x10-*x4 volt] 


28. The equation of an alternating current is i=50 sin 4007. Find the frequency, peak 


value and r.m.s. value of the current. [Ans. 200 ; 50 amp. ; 35:36 amp.] 
29. An alternating e.m.f. is represented by the equation E=200 sin (1007) volt. Calculate 
the frequency, peak value and r.m.s. value of the c.m.f. [Ans. 50; 200 volts ; 1414 volts] 


30. A simple electric motor has an armature of 0-1 ohm resistance. When the motor is 
running on a 50 volt supply the current is found to be 5 amp. Find the back e.m.f. developed. 
[Ans. 49.5 volt] 
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MODERN PHYSICS 


1.1. Starting of modern physics : 

Modern physics means the advancement and development of Physics since 
the major discovery in 1890 till to-day. This advancement being principally 
with regard to atoms and the structure of matter, it is also called Atomic 
Physics. Now, the question is: what was that major discovery that took 
place ip 1890, and marked the beginning of modern Physics ? During this 
time, some eminent Physicists, while carrying out experiments on the electrical 
conductivity of gases, discovered electron which finally brought about a total 
change in the conception of the structure of atom. Further more, during 
the last decade of nineteenth century some astounding disccveries like X-rays, 
radioactivity, etc. were made which called for a different outlook with 
regard to the structure of matter. For this reason, the last decade of nineteenth 
century is regarded as the starting point of modern Physics. 


CATHODE RAYS & X-RAYS Y 


1.2. Electrical conductivity of gases : 

A dry gas at normal pressure is a bad conductor of electricity. Normal 
air, for instance, is almost a perfect insulator. Had it not been so the study of 
electrical phenomenon would not have advanced very much. But gases can 
be made conductive by several processes. These are as follows : 

(i). Passage of electromagnetic waves of short wave length like ultra-violet 
rays, X-rays, gamma rays etc. through the gas. 

(ii) Passage of energetic particles like alpha, beta etc. given out by radio- 
active sources through the gas. 

(iii) Heating the gas. 


(iv) Passage of electric discharge through the gas in a rarified condition. 


Experiments have revealed that the above processes render a gas conductive 
because they create ions in the gas. Normal atoms and molecules of a gas are 
neutral. But if one or more negatively charged electrons be detached from à 
neutral atom or a molecule, the residual atom or molecule will be positively charged 
and they constitute the positive ions. The detached electrons soon attach them- 
selves (o neutral atoms and molecules, which thereby become negative ions. The 
process in which positive and negative ions are produced is called ionisation. 

13. Phenomena observed in a discharge tube : 

erature and pressure no doubt is an insulator,” 

but not a perfect insulator. In 1900, C. T. R. Wilson demonstrated that a 

charged gold leaf electroscope got slowly discharged in spite of elaborate 

precautions taken to prevent leakage of electricity. The observed discharge of 
bed to the partial conductivity of air medium. It has 


electroscope was ascri E i . 
been experimentally found that the conducivity of air or gas increases with 


Air or gas at normal temp 
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the decrease of pressure of the gas. Such experiments were carried out by 
Willium Crookes, Lenard, J. J. Thomson and others. In course of their 
experiments, they observed interesting phenomena when electric discharge was 
carried out through a gas whose pressure was reduced step by step. These are 
known as phenomena in a discharge tube. 

The tube used for studying the electric discharge in air at low pressure is 
shown in fig: 1.1. It is a cylindrical tube about 30 cm. long and about 4 cm. in 
diameter, made of hard glass... Both ends of the tube are closed and two electrodes 


Fig. 1.1 


(C and A) are sealed into the tube. There is an opening at the side of the tube 
with a stop cock P to which an exhaust pump and a manometer may be attached. 
To the electrodes are joined the secondary of an induction coil to apply a high 
potential difference. The electrode connected to the positive terminal of the 
induction coil is called the anode (A) and the other electrode is called the cathode 
(C). Although an induction coil does not deliver direct current, its characteristics 
are such that the potentials are higher on one half of the alternations that they 
are on the other and the two electrodes act nearly the same as if a high-voltage 
direct current were used. The phenomenon that happens in the discharge tube 
at various stages while the air is being pumped out is as follows : 


When the pressure has dropped to about 8 mm. of mercury (about 109 of 
an atmosphere), the first discharge appears at potential difference of about 10,000 
to 15,000 volts between the electrodes. The discharge consists of long, thin and 
wavy streamers of violet-blue colour extending from one electrode to the other 
[Fig. 1.2(a)]. As the gas pressure drops to about 5 mm. of mercury, the discharge 
widens until it fills the whole tube with a pink diffuse glow as shown in Fig. 1.2 (5). 
This is known as positive column. At this time a low, continuous buzzing sound 
is also produced. The colour of the positive column depends primarly on the 
nature of the gas taken in the discharge tube. For example, with air, the colour 
is pink ; with hydrogen, the colour is blue or red ; with neon, it is deep red ; with 
helium, it is yellow, etc. 

Ordinarily the neon signs that we see as advertisement display in shops and 
markets are nothing but these positive columns. Such commercial use of positive 
columns was first introduced by Geissler and hence, these tubes are known as 
‘Geissler tubes’. At a still lower pressure of about 2 mm. the positive column 
leaves the cathode and advances towards the anode, leaving a dark region behind 
known as Faraday dark space. At this time a short bluish glow appears at the 
cathode. It is called negative glow [Fig. 1.2 (c)]. As the pressure drops still 


——— 
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further (ie. about 0.1 mm. mercury), the. Farady dark space grows in size and 
the positive column diminishes in length. With still further fall of pressure, 
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Fig. 1.2 
the negative glow moves away from the cathode, producing another dark space 
between it and the cathode, known as Crookes’ dark space. With the appearance 
of Crookes” dark space, the positive column divides into a number of equally 
spaced layers, called striations [Fig. 1.2(d)]. Also, a bluish glow, called cathode 
glow appears round the cathode and a pinkish glow, called anode glow round the 


anode. 

As the pumping proceeds, the striations and the negative glow grow fainter 
and the Crooke’s dark space widens until finally at a pressure of about 0.01 mm, 
Crookes’ dark space fills the whole tube. At this point a new feature appears ; 
the whole glass tube itself glows with a faint greenish light. It is called fluorescence 
and is caused by. the impact of extremely minute particles which emanate from the 
cathode and travel with tremendous speed towards the anode. These particles 


are called cathode rays. 


1.4. Cathode rays : 

The green glow in the final stage of the electric discharge just described 
was found to be fluorescence of glass caused by some invisible rays coming out 
of the cathode plate. Investigations carried out by Perin, Thomson, Crookes 
others. revealed that some very minute particles, carrying small amount 
shoot out from the cathode surface normally and constitute 
Cathode rays are, therefore, nothing but streams of high speed 


and 
of negative charge 
the cathode rays. 
electrons. 
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1.5. Different properties of cathode rays : 

(i) Whatever may be the position of the anode the cathode ray particles 

E always shoot out in right line from the surface 
of the cathode. 

(i) Cathode rays, like light rays, 
travel in straight line. This was first revealed 
by Hittorf, by casting shadows of objects 
placed in the discharge tube. Fig. 1.3 
shows how a shadow of a star-shaped alu- 
minium disc held in the path of cathode 
rays is formed on the glass wall behind. 

"Fig. 1.3 Rays of light, in a similar manner, form 
shadows of opaque substance held in its path. 


(iii) Cathode rays have sufficient momentum and energy. This was first 
demonstrated by Crookes by using 
a discharge tube of special design 
as illustrated in Fig. 1.4. Leaving 
the cathode and acquiring a high 
speed on their way towards the 
anode, the rays strike the vanes of 
a small mica wheel W and exert a 
force, causing it to turn and roll Fig. 1.4 
along a rail track towards the anode. When it 
reaches the anode, a reversal of the potential, making 
the plate A the cathode, will send it rolling back towards 
the plate K which is now the anode. From this experi- 
ment, Crookes concluded that cathode particles have 
momentum and energy. 


(iv) Cathode rays can excite fluorescence in some 
substances like zine sulphide, barium platino-cyanide, etc. 


(v) Like light, cathode rays can affect a photo- 
graphic plate. 

(vi) Cathode rays produce heat when they fall upon 
a body. If a concave-shaped cathode (K) is used (Fig. 
1.5)., it is found that a piece of platinum (P) held at the 

Fig. 1.5 centre of curvature of the concave surface is heated to 
incandescence. It also illustrates that the particles of cathode rays possess 
sufficient kinetic energy. j 

(vii) When cathode rays are made to pass through a'gas, the gas gets ionised 
i.e., becomes a conductor of electricity. 

(viii) If cathode rays are made to pass through an electric or a magnetic 
field, the rays are deflected. This shows that the particles of cathode rays are 
electrically charged. From the direction of deflection, it may be said that the 
particles are charged negatively. 
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Fig. 1:6 shows a discharge tube of special design. The cathode rays coming 
out of the cathode plate pass through a narrow slit and form a narrow beam. 
A screen coated with zinc sulphide 
is placed at a small angle to the 
line joining the electrodes of the 
discharge tube. When the cathode 
rays impinge upon the sereen, 
they produce fluorescence which 
renders the path of the cathode 
rays visible. If a horse-shoe 
magnet be placed over the outside Fig. 1.6 
of the tube, as shown in the diagram, the path of the cathode rays will be found to 
have bent downward. If the polarity of the magnet is reversed, the path is bent 
upward. The bending shows that the particles of the beam are charged. From 
the direction of bending, the direction of the magnetic field and the direction of 
motion of the particles in the beam, the charge is found to be negative by the 
application of Fleming's left hand rule. 


PATH OF CATHODE RAYS 


1.6. Nature of cathode rays : 

Although the direction of deflection produced by electrostatic or magnetic 
field shows that the cathode ray particles are negatively charged, this property 
was shown independently by Perin in the following way. 

The apparatus is essentially a discharge tube, having two bulbs (Fig. 1°7). 
In the smaller bulb are sealed two electordes 
—the. cathode C and the anode A. The 
larger bulb has a side tube in which there 
is an earth-connected , cylinder. Inside this 
cylinder but without having any contact 
with it, there is another smaller cylinder, 
called Faraday cylinder or detector (F.D.) 
connected to a gold leaf electroscope. The 
TO AN two bulbs are connected by a narrow tube. 

ELECTROSCOPE When cathode rays pass through the 

Fig. 1.7 narrow passage into the larger bulb, they 

form a narrow beam and travelling straight they produce a fluorescent spot at P. 

When this happens, the gold leaf electroscope shows no existence of charge in it 

and the leaves remain collapsed. If, with the help of a suitable magnetic field, 

the path of the cathode rays be deflected towards the Faraday cylinder, the leaves 

of the electroscope will, at once; diverge. On testing the electroscope in the 
usual way with a charged ebonite rod, it will be found to be negatively charged. 

This experiment conclusively proves that cathode rays convey negative 
charge. This negatively charged particles of cathode ray have been named 


electrons. 
Electron is a fundamental particle : 
Sir J. J. Thomson tried to measure the specific charge i.e. © 


Ph. I1—31 


To find out the nature of electron, 
harge to mass ratio 
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of the electron. He found the value of the ratio as 17°6 10? e.m.u./gm. Many 
subsequent experiments proved that the specific charge of an electron is independent 
of the cathode plate or the anode plate or even the nature of the gas inside the 
discharge tube. Whatever the metal used for the plates or whatever the gas 
taken in the discharge tube, electrons available from the tubes are all identical. 
Further, the negatively charged particles emitted from the surface of a metal by 
photo-electric process (see *Photo-electricity in chapter 3) or by hot filaments in 
vacuo are also electrons. Even the negatively charged beta-particles emitted by 
a radioactive body (see chapter 5) were also identified as electrons. As a con- 
sequence it was assumed that the particles like cathode rays were constituents 
of all atoms and they were generally called electrons. Electrons are, therefore, 
regarded as fundamental particles. 


1.7. Charge, mass and energy of an electron : 

In 1913, R.A. Millikan, an American Physicist, performed the famous 
oil-drop experiment on the measurement of electronic charge. From his 
experiment, it was found that the charge carried by an electron, e— 1:6 10720 
e.m.u. or 48x 10719 e.s.u, The mass of an electron, m=9'1x10-*8 gm. 


It is significant to mention here that the mass of an atom of hydrogen, the 
lightest of all elements, is M—1:67 x 107% gm. 


M 167x10- 

——— M 251835 (near! 

nO ERE UT D ar) 
i.e., the mass of hydrogen atom is about 1835 times the mass of an electron. This 
shows that the ancient idea that an atom is indivisible is not correct ; an atom is 
divisible and by breaking atoms, we may get smaller particles. 


Electrons are too tiny to be visible and therefore we cannot detect them by 
ordinary means. Their presence can be detected by noting the effects they produce 
viz., fluorescence, ionisation, etc. To do these things, an electron must be set 
in motion. This is done generally by subjecting the electron to an electrostatic 
field. The energy of such a moving electron is usually expressed in electron- 
volt. It is defined in the following way : An electron-volt is the kinetic energy 
acquired by an electron when it is made to move in an electric field of 1 volt potential 
gradient. It is written as ev. 


Erg is the absolute unit of energy while electron-volt is the practical unit, 
Their relation may be established in the following way : 
1 ev=charge of an electron in e.s.u. X 1 volt. 
—48x 10-9 X sss [1 vol*— 5$ 52.5.u. of p.d.] 
=1°6 x 10-1? ergs. 
So far as practical cases are concerned, the energy corresponding to one 


electron-volt is very small. Bigger units, like kilo-electron volts (Kev) and million- 
electron volts (Mev) are very often used. day 


1 Kep—10? ev and 1 Mep—10* e.v, 
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Example : Jn a vacuum tube, the accelerating voltage is 200 volts. What 
velocity do the electrons attain in this tube ? Mass of an electron=9'1 x 10-28 gm. 
and charge=48 x 10719 e.s.u. 


Ans. For an electron, 1mv?-e.V or, va 2eV 
m 


Here, e—4:8 x 10-19 e.s.u. ; m—9:1 x 10-88 gm. ; V—$998 e.s.u. 
v= ER X € or, o-raoy S = 8:4 x 108 cm./sec. 
"1 107 x 


1.8. Motion of an electron in an electric and magnetic field : 


(i) Electric field : Suppose an electron moving horizontally with velocity 
v passes between two parallel plates P, and Pa. If the p.d. between the plates be 


V and their distance apart is d, then the field intensity between the plates Eos. 


Hence the force on the electron of charge 
e=field intensity x charge Ee— ^7 and is 


downward to the positive plate P,. Since 
the electric field is vertical, no horizontal 
force acts on the electron as it passes between 
the plates and hence its horizontal velocity 
remains unaffected. The motion of the 
electron is similar to that of a projectile 
thrown horizontally under gravity. 

In a vertical direction the downward displacement y—4ft* where f=accelera- 


tion of the electron and tis the time. [m=electronic mass] .'. y=}. Be: n 
m m 


Fig 1.8(a) 


In a horizontal direction, the displacement x—w.ft. 
=) xt) Ee 

m] v? 2m? 
The equation (i) shows that the path of the electron through the electric field is 


parabolic. 
When the electron just passes the plates, x— D and the vertical displacement 


Eliminating t, we obtain, »- x*' cd) 


x E Ea d Y 
at that moment is LY D? .. (ii). The electron then moves ina straight 


line as shown in fig. 1.8(a). The time for which the electron remains in the electric 


field, v4 Thus the component of velocity v, gained in the direction of the 


D 


field during this time, is v—fX oup st 
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>H Hence the angle 9 at which the electron emerges from the field is given by 


| Ee.D 2 s 
tan ont T zx i= ar $ [from equ. (ii) ] 
(ii) Magnetic field : Now suppose that the electron moving with velocity 
v enters a uniform magnetic field of inten- 


sity H, acting perpendicular to the direction 


downward of motion. The force on the electron 
; due to the magnetic field, we know, F— 
ircular H.e.v (see chapter six). The direction of the 


deflection F 
vilit force is perpendicular to both H and v. 


Consequently unlike the electric field, the 
Fig. 1.8(b) magnetic field simply deflects the electron 

without changing its speed. 
X The force H.e.v. is always normal to the path of the beam. If the field be 


uniform the force is constant in magnitude and the beam then travels in a circular 

path. Ifrbe the radius of the circle, then since the force F(— Hev) is the 
2 

centripetal force, Heys or r= 

r He 


Example 1: An electron starts from rest and moves freely in an electric 
field of intensity 2400 volts|metre. Determine (a) the force on the electron (b) its 
acceleration (c) the K.E. acquired and (d) the velocity attained if the electron moves 
through a potential difference of 90 volts. Charge of an electron— V6» 10729 
e.m.u. ; mass=9'13 x 10-?*. gm. 1 volt[cm—105 e.m.u.[cm. 


Ans. (a) The force on the  electron—field intensity x charge 
"(cs x 10") X (16x 10-20) dynes— 3:84 x 10-11 dynes. 


(b) acceleration of the electron Aaa dd tea 
mass 9:13x10-?8 
421 x 10" cm./sec? 
(c) P.E. lost by the electron=K.E. gained. 
. Potential energy=e.V=1-6 10-29 «90 105 ergs— 1:44 x 10-1? ergs, 
A0 KE =tmv*=eV=1:44 x 10719 ergs, 


2eV (2:88 10-19 
(d) v- - 3 (Sisi) -56 108 cm/s (nearly) 


Example 2 : An electron moves at right angle to a magnetic field of 150 
oersted and enters it with a velocity of 0:6 x 1019 cm.[s. Find the radius of its circular 
path. e[m—177 10? e.m.u./gm. 


1x0':6x 101° 
Ans, We know, p=? 1*0 6x10»... 
2 i He 17X10 x150 2:35 cm, 
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Example 3: A narrow horizontal beam of electrons passes symmetrically 
between two metal plates mounted one on each side of the beam. The velocity of 
the electrons is 3 109. cms, the plates are 3 cm long and 1 cm apart. It is found 
that when a battery of 568 volts is connected to the plates, the electron beam just 
strikes the end of one of them. Calculate the value of e[m of electrons. 


Ans. When the beam of electrons enter the plates P, and P, they will be 
deflected so that travelling along the path AB, they just strike the end B of the plate 
P, [Fig. 1.8(c)]. 

In this case, the deflection x=} ft?. 


-— 


But acceleration ESI že and hs fEBS--—-— 3cm.----7 
mass m v icm LUE 0 nnn nnn anne senp 
Xe/D\?_ ,_,568x10*xKe i oa PATO= so OF oat 
X —4.— | — —X— Y 
3 Ww + 
a (s: i») Fig. 1.8(c) 


But x—4 of the distance apart of the plates P, and P,0:5 cm. 


^2 


ppt ek Ld 
. (0:5—4x 568x10 x Ex (z) 


A 8 
br win Q:5x2x9 x10! —17x10 


m 568x10°x9 mn 


Example 4: 4 particle having a charge of 16x 1079. coulomb. enters 
midway between. the. plates. of a parallel plate condenser... The initial velocity of 
the particle is parallel to the plane of the plates. A p.d. of 300 V is applied to the 
capacitor plates. If the length of the plates is 10 cm and they are separated by a 
distance of 2 cm, calculate the greatest initial velocity for which the particle. will 
not be able to come out of the condenser plates. The mass of the charged particle 


is 12x 10-*4 kg. (LLT. 1976] 
Ans. See Fig. 1.8(c). P, and P, are the condenser plates. The electric field 
volt 300 
i i ub use =i It/cm 15! 
intensity between the plates X: RION 50 volt/em=150x100 volt/ 


metre. =15 x 10? volt/metre. 

The electric field will exert a vertical downward force on the particle. The 
horizontal velocity of the particle will remain unchanged as there is no horizontal 
force on it, Consequently, the particle will be deflected along a parabolic 


ex--mg Lnd 
m 


path. Now, the vertical downward acceleration on the particle f= 


2 
its deflection at ¢ when it will arrive at the end of the plates x—3f1*—4 (5) where 


=length of the plate and v horizontal velocity of the particle, 
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Now, the condition for the particle not to come out of the plate is x>d 
[d—half the distance apart ot the plates] 


ie. if (;) =a or SV or sy 


So, the maximum velocity of the particle is given by Umar 3 =y IR 
a 4am 


Now eX —1:6x 109x 15x 108 Newton=24 x 10-16, 
mg =12x 10-**x9-8=11-76 x 10-23 N. 


= eX o] CEAR — a metre/s. 
ud Vx Vaso pn ! 


Here /=10 cm—0:1 metre and d—4 x2 cm=0-01 metre. 
£j [N.B. Note the units of different quantities in the problem]. 


1.9. Discovery of X-rays : 


One of the most interesting episodes in the history of modern science 
is the accidental discovery of X-rays by Wilhelm Rontgen. In 1895, while 
experimenting with a cathode-ray tube, Rontgen found with amazement that 
a flourescent screen, placed near the tube became luminous and that a 
thick metal plate, placed between the tube and the screen Cast a dark shadow 
on the latter. When a light substance, like a plate of aluminium or a sheet 
of paper or wood was interposed, the shadow cast was faint. Rontgen reasoned 
that some kind of invisible, yet penetrating rays of an unknown kind were being 
given out by the discharge tube. He subsequently found that this unknown 
radiation was coming from the glass wall of the tube at the place where it was 
struck by the cathode rays. In general, whenever high speed electrons are suddenly 
Stopped by an obstacle, their energy is transformed into such radiation of high 
penetrative power. As the nature of the radiation was unknown to Rontgen, he 
called it X-rays, the letter ¥ meaning, as it so often does in algebra, an unknown. 


1.10. Production of X-rays : 

(1) X-ray tube : 

The discharge tube used for the production of X-rays is usually called 
an X-ray tube. Fig. 1.9 illustrates a 
common type of X-ray bulb or tube. 

The bulb is simply a cathode ray 
discharge tube with certain modifica- 
tions. The cathode C, made of alu- 
minium, is concave in shape while the 
anode, 4 is usually put in a side tube. 
In front of the cathode, there is another 
electrode, called anticathode or target 
(T), whose front surface facing the 

to the axis of the concave cathode. The 


Fig. 1.9 
cathode is inclined at an angle of 45° 


CATHODE RAYS & X-RAYS 487 


anticathode is connected to the anode, The anticathode is so placed that the 
cathode ray stream, leaving the cathode surface normally, is focussed on to the 
anti-cathode. For general use of the X-ray bulb, the target is made of a metal of 
high melting point, like platinum, molybdenum or tungsten. With the gas pressure 
in the tube near about 0.001 mm. of mercury and with a potential difference of 
30,000 to 50,000 volts applied between the electrodes by means of an induction 
coil, high speed electrons, emanating from the cathode, are suddenly stopped by 
the anticathode and their energy is partially converted into X-rays. 


The electrons emitted by the cathode surface possess high kinetic energy, 
part of which is conyerted into heat and part into X-rays when the electrons strike 
against the anti-cathode. Consequently, the anti-cathode should be made of a 
metal of high melting point so that heat generated may not melt the electrode 
easily. There is also water circulation arrangement round the rod to which the 
anti-cathode plate is fixed. This takes away much of the heat generated when the 
bulb is worked. 

Now-a-days, X-rays are produced by more improved type of devices like 
coolidge tube, betatron, etc. 


(2) Coolidge tube: X-rays are produced, now-a-days, with a coolidge 
tube which is vacuum-field. Fig. 1.9(a) shows a sketch of the tube. 


Fig. 1.9(a) 


The cathode C is a thin filament of tungsten which is heated by current 
supplied by a battery or a step-down transformer. The heated filament emits 
copious thermions which are directed towards the target T by a high potential 
difference set up between the cathode C and the target T by means of a step-up 
transformer (Tr). The electrons are focussed properly by a molybdenum cylinder 
(M-M) which is kept at a negative potential with respect to the cathode. The 
target is a lump of metal such as tungsten which has a high melting point. A 
long, hollow handle made of copper is attached with it. When high-speed electrons 
from the cathode C strike against the target 7, a lot of heat is produced which is 
dissipated by a flow of cold water through the hollow copper handle. Some fins 
F are also attached at the back of the handle for the same purpose. 

The electrons in the coolidge tube which strike against the target acquire 
their energy from the applied high p.d. between the cathode and the target. Part 
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of this energy is converted into the energy of X-ray photon. The greatest ad- 
vantage of this tube lies in the fact that the electron beam intensity and hence the 
X-ray intensity can be controlled by varying the filament heater current. The 
quality of X-ray output is also controlled by altering the p.d. across the tube. 

The main disadvantage of the coolidge tube is that it does not function 
continuously ; its functioning is intermittent ; for the transformer connected 
between the cathode and the target develops alternating p.d. Usually a p.d. of 
200 volt is applied to the primary and the secondary develops an alternating p.d. 
of about 50,000 voits. During the half-cycle when the filament gets a negative 
potential and the target a positive one, the tube generates Xzray but during the 
next half cycle, the potential reverses and the tube does not function. This dis- 
advantage was, however, removed in later days by rectifying the a.c. with the help 
of rectifier valves. 

1.11. Properties of X-rays : 

(i) X-rays are not deflected by a magnetic or an electric field and hence 
they are not charged particles. They are electromagnetic waves of very small 
wave-length of the order of 10-5 cm. The shortest wave length of X-rays given 
out by a bulb depends on the applied voltage. If the bulb is operated on a voltage 
V volts, the shortest wave length of X-rays given out by the bulb is 


gm toes 


(ii) They travel in straight line and in vacuum, they have same velocity as 
light. 

(ii) They have penetrating power. They pass through metals, ebonite 
and many other substances which are opaque to 
ordinary light. Flesh is transparent to X-rays but 
bones are not. So, if a- person holds his hand in 
between the X-ray bulb and X-ray plate, a clear 
photograph of the bones will be obtained on the 
plate (Fig. 1.10). 

If the applied potential difference between the 
anode and the cathode be low, the X-ray produced is 
called soft X-ray which has got low penetrative power. 
On the other hand, if the potential difference be 
high, hard X-rays, having high penetrative power are 
Fig. 1.10 produced. 


*When an electron passes across a potential difference V, its energy=eV. The maximum 
energy of a photon liberated by a collision of the above electron against an atom, according to 


quantum theory is given by E,,,.=/¥mox where h is the Planck’s constant and ymax the maxi- 
mum frequency ofthe photon.:  ;, Jymaxeey; Now Amp=— = oF fe= velocity of light] 
Vmax € 


h=6°624 x 107" erg sec ; e—4:8x 10719 es. ; c= 3 x 1010 cm/s. 


2i 16624x 10- x3x10? — 12412 
^ 8o Amin 78x 1079 V/300 Y x 10-8 cm. (nearly) 
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(iv) They excite flourescence on barium platinocyanide and zinc sulphide. 

(v) X-rays can jonise a gas. 

(vi) They affect photographic plates. 

(vii) They produce photo-clectric effect i.e. they liberate electrons when 
they fall on metallic substances. 

(viii) X-rays exhibit like light, interference, diffraction and polarisation. 

Example 1: An X-ray bulb is operated on 50. KV. Find the shortest. wave- 
length of the X-rays given out by the bulb. 


12412 12412 
$ length A=——— 10.5. cm.= -8 cm. 
Ans. The shortes} wave ength X y x1 cm. Ox oH cm 
[1 KV—10* V] 


—0:25x 1075 cm (nearly) 
—0:25A^ [1A°=10-8 cm.] 


[N.B. The wave length is usually expressed in Angstrom unit (symbol A°)}. 


Example 2: What is the energy of an X-ray photon of wavelength 10-* 
cm. ? Given Plank’s constant h—6:62 x 10-?" erg. sec ; Velocity of light c=3 X 1010 


cm[sec. [H. S. Exam. 1984] 


Ans. We know, energy of the photon E=hv=h. $ 
-27 0 
_ 6.62 x 10 ax 10° _ 19-36% 10-2 erg: 


1.12. Nature of X-rays : 

When Rontgen first discovered X-rays, he had no idea of their nature. 
So, he called the rays X-rays. Afterwards when it was found that electric and 
magnetic fields had no effect on the radiation, the natural presumption was 
that the radiation did not consist of charged particles and that it was a 
wave-motion like light. But Rontgen could not establish experimentally the 
identity between ordinary light and X-rays. Not only Rontgen, several scientists, 
later on, were disappointed in their efforts to establish the identity. 

Success in this respect was first achieved by a German scientist Von Laue. 
He was successful in exhibiting diffraction phenomenon in X-rays with the help 
of a crystal. Afterwards, scientists like Bragg, Compton, Barkla, and others, 
demonstrated that X-rays can be reflected, refracted, polarised like ordinary light. 
In this way it was finally shown that the nature of X-rays is similar to the nature 
oflight. For this reason, X-rays are regared as à kind of ‘invisible light.’ 


1.13. Applications of X-rays : 
ed in hundreds of different ways. Some of the 


To-day X-rays are us 
important applications of X-rays are mentioned below : 


(i) In medical science : X-rays are widely used both in medical diagnosis 
and cure. X-ray photographs, called radiographs, are used to study fracture of 
ion of foreign bodies like bullets, pins etc. in the human body, 


bones and locati Ae ^ 
for the diagnosis of tumors, tuberculosis, stones in kidneys and in gall bladder, 
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Very hard X-rays are used by physicians in the treatment of malignant growth, as 
it is found that cancer cells may be destroyed by an exposure of X-rays. Neverthe- 
less precaution is always taken to avoid unwanted doses of X-rays, as these have 
harmful effects on normal cells. 

(i) In industry : In industry radiographs are used to reveal hidden flaws 
in metal castings and welded joints, beams and joists, cracks in wood, nails, 
procelain and other insulators, to detect defects in automobile tyres, tennis and 
golf balls, to detect hidden gems in shells, etc. 

(iii) In scientific research : X-rays are widely used in higher scientific 
research, in studying the structure of crystals, structure and properties of atoms 
and various other research works. 

(iv) In police department : Customs departments use X-rays in curbing 
smuggling activities and police departments in curbing criminal activities. They 
use X-rays to detect contraband goods hidden in wooden or metal boxes. Some- 
times, criminals swallow contraband ornaments or coins to escape detection. In 
these cases, X-rays are very helpful in detecting the crime. Besides, the forensic 
department is now-a-days using X-rays to investigate criminal cases like murder, 
assassination etc. 


*1.14. Effect of X-rays on human body : 


Because of their ability to ionise atoms, X-rays are a source of danger 
to human body. The biological effects of ionising radiations is not fully 
understood, but it is known they are capable of causing destruction of cells. 
This property not only causes serious lesions to form on healthy parts of the 
body but is paradoxically used to heal cancerous growth on diseased part of 
the body. The effects are dependent on the intensity of the radiation and 
time of exposure i.e. dose—intensity x time. 


The absolute unit of dose i.e. the quantity of radiation received is Rontgen. 

Definition: The Rontgent (R) is that quantity of radiation, which on passing 
through 1 cm? of air at N.T.P. causes ionisation such that total charge on the ions, 
irrespective of sign, is 1 e.s.u. of charge (i.e. 3x 107? coulomb). 


Exercises 


Essay type : 

1. Describe, in steps, the phenomenon observed in a discharge tube when the pressure of 
the air in the tube is reduced gradually. 

2. What are cathode rays ? What are their properties ? How are these particles 
produced ? [cf. H. S. Exam. 1979] 

3. Show that the radius of curvature of a Charged particle moving at right angles to a 
magnetic field is proportional to its momentum. 

4. What are X-rays ?. Describe an X-ray bulb and state the principal properties of 
X-rays, ' [H. S. Exam. 197980] 


——Óa 
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5. Why are X-rays called a kind of ‘invisible light’ ? State two of their properties which 


are similar to those of visible light. [H. S. Exam. 1984] 
6 What are the main characteristics of X-rays ? Describe an arrangement for the pro- 
duction of X-rays in the laboratory. [H. S. Exam. 1982) 


Short answer type : 

7. Under what circumstances does air behave like a conductor of electricity ? 
8. Why is reduction of pressure necessary for an electric discharge to pass through air ? 
9. What is electron-volt ? What is its relation with erg 2 

10. Who discovered— X-rays ? “X-rays have more energy than light"—Explain. 

11. Whatis the basic difference between X-rays and cathode rays ? 

12. What are the applications of X-rays ? 

13. What is the charge of anelectron ? How would you prove that this charge is negative ? 

14. Why is electron called a fundamental particle ? 

15. At what pressures are Faraday dark space and Crooke's dark space formed in a dis- 


charge tube ? 
16. How much is the mass of a hydrogen atom heavier than that of an electron ? 


17. What are hard and soft X-rays ? 

18. Along what path an electron will travel in (i) a prependicular electric field and (ii) a 
perpendicular magnetic field ? 

19. (a) If an electron is not deflected in passing through a region of space, can we be 
sure that there is no magnetic field in that region 1 

(b Ifa moving electron is deflected sideways in passing through a region of space, can 
we be sure that a magnetic field exists in the region ? 

(c) An electron moving with a constant velocity passes through a region of space without 
any change in its direction. If E and B represent the magnetic and electric fields respectively, 
this region of space may have (i) E—0, B=0 (ii) E=0 5 B40 (iii) E40; B=0 (iv) EA0; B0. 

20. A proton and an electron are moving with same K.E.alongthe same direction. When 
they pass through à uniform magnetic field perpendicular to the direction of their motion, will 
they describe circular paths of same radius ? [LLT. 1985] 


Objective type : 

21. (i) A beam of X-rays and a beam of cathode rays are successively passed through a 
magnetic field and an electric field. There will be deflection (i) in both case (ii) in the first case 
only (iii) in the second case only. Which is correct ? 

(ii) A beam- of X-rays consist of (i) negatively charged particles (ii) positively charged 
particles (iii) electromagnetic waves of short wave length. Which is correct ? 

(ii) The X-ray beam coming from an X-ray tube will be (a) monochromatic (b) having 
maller than à certain maximum wavelength (c) having all wavelengths larger 


all wavelengths s 1 
than a certain minimum wavelength (d) having all wavelengths lying between a miinaa 


a maximum wavelength. Which is correct ? ILLT, 1985) 
[Hints : (d).] 
(iv) Is electronic mass heavier than the mass of hydrogen nucleus ? Ans, (a) heavier 
(b) lighter (c) equal. Which is correct ? 


Numerical Problems : i 
22. An electron is moving with a velocity 10? metres/s. Find its kinetic energy in clectron- 


volts. m=9'1X 10-28 gm ; e= 48% 10 e.s.u. and 1 volt sbo e.s.u. [Ans. 2:84x10* ey] 
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_ 23. After passing through a potential difference of 60 KV, starting from rest, an electron 
quires a velocity of 1-46 x 10 cm/s. Find the ratio of charge to mass of an electron in coulomb 
pergram. = [Jt. Entrance 1981} 

931 TY eee (1:46 x 1015)* 
(^ Plats 2 dmei—eV or — 257 sex 10x 10" 
24. Two parallel plates 5 cm. apart are given a p.d. of 500 volts. An electron starts from 
rest and travels through the plates. Calculate the velocity attained and the distance traversed 
by it in 66x 107? sec. m=9-11 x 107** gm ; e— 1:603 x 10-*° e.m.u. 
C wig ries ol ' [Ans. 1:16x10* cm/s ; 3:8 cm.] 
25. Electrons move at right angles to a magnetic field of 100 oersted with a velocity of 0-5 

x10" cm./s. “Calculate the radius of circular path. ¢/m=1-76x 10? e.m.u./gm. 

[Ans. 2:84 cm, (nearly)] 


26. An X-ray bulb is working at 30 kv. Find the shortest wavelength of X-rays produced 


=1:78x 10° coulomb/gm.] 


by the bulb. [Ans. 0-41A°) 
27. The shortest wavelength given out by an X-ray bulb is 1A°. What is the p.d. between 
the cathode and the anode of the bulb ? {Ans, 12:4x 10* volt] 


128. What should be the minimum p.d. at the end of a coolidge tube so as to produce X-rays 

of wavelength 0°84° ? h=6-62x 107** joule-sec ; e=1.60x 107?* coulomb. 
1 (Jt. Entrance 1983] [Ans. 15.5KV] 
29. An electron of charge 1:6x10-!* coulomb and mass 9:1x 10-7? kg. travels along 
X-axis with velocity 10* metre/s and enters into a uniform electric ficld which acts perpendicular 
to the X-axis. The intensity of electric field is 10° volt/metre. If the field extends over a distance 
of 2 cm along the X-axis, find the deflection of the electron along the direction of the field when 
it comes out of the field. [Jt. Entrance 1983] [Ans. 3:51 cm.) 


v 30. An electron is accelerated through 15,000 volts and is then allowed to circulate at 
right angles to a uniform magnetic field with H=250 gauss. What is its path radius ? Mass of 
electron—9*13 x 107** gm and charge 1:6 107?* e.m.u. [Ans, 1+6 cm (nearly)] 


31, Electrons bombarding a coolidge tube produce X-rays of wave length 14°. Find the 
energy of the X-ray photon. A=6°62x 10-" erg-sec pe=3 x10! cm/s. [Ans. 19:86: 107? erg] 
32. A particle of mass 1x107% kg..and charge --1:6X 107?* coulomb travelling with a 
velocity 1.28 x 10* m/s in the +x direction enters a region in which a uniform electric field E and 
a uniform magnetic field B are present such that Ex=Ey=0 and Ez— —102:4 kv/m and Bx— Bz 
=0, By=8x10-* weber/m*. The particle enters this region at the origin at £—0. Determine 
the location ((x, y, z co-ordinates) of the particle at t=5 x 10~*s. 
[I.I T. 1982] [Ans. x=6-4 m, y=0, z=18-48 m] 
...33.. Starting from rest, the velocity of an electron became 1:46x 10'? cm/s while passing 
through a p.d. of 60 K. V. Find the ratio of e/m of electron in coulomb per gm unit. 
bg : [Jt. Entrance 1981] [Ans. 1:78 10°] 
34. An oil drop of radius 12% 10* cm is given a charge of 4:77 1077? ¢.s.u. The drop 
is to be kept steady by creating an electric field between two plates A (upper) and B (lower). 
What plate should be positively charged’ and'what should be the intensity of electric field ? 
bin muta Ut. Entrance 1976] [Ans. upper plate ; 12:6 e.s.u./cm] 
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ee CARDTS APPUCATIÓNS L 
THERMIONIC EMISSION AND ITS APPLICATIONS 


2.1. Introduction : 


Metals, in general, contain copious free electrons which are not 
bound to any particular molecule of the metal. They move freely in the 
material. With the increase of temperature, their motion increases. For this 
reason, when à piece of metal is placed in a vacuum and heated, some of the 
free electrons reach speeds high enough to enable them to break away and form 
a cloud near the surface. This *boiling-out" of electrons from a metal is called 
thermionic emission. Edison, in 1885, noticed this effect when he was experiment- 
ing with filament lamps. The electrons emitted from the hot surface are called 
thermions and the current they produce is called thermionic current. 


As gas can exert pressure, in the same way, the free electrons in a metal are 
also capable of exerting pressure. This is known as electron-gas pressure. Inspite 
of the electron-gas pressure the electrons are not ordinarily emitted from the 
metal surface because the force with which they are held bound to the surface 
predominates over this pressure. Electrons will have to do some work, if they 
want to leave the metal surface. This work is referred to as the work-function of 
the metal surface. Work-function is different for different metal surfaces, On 
this theory, an electron escapes from a metal surface when it has sufficient kinetic 
energy to overcome the surface forces. At low temperatures, a negligible number of 
free electrons have sufficient energy to escape. When the temperature is increased, 
the free electrons gain kinetic energy by collision with more energetic metal atoms 
and some are able to escape. The process is somewhat similar to the evaporation 
of molecules from a liquid surface. As a matter of fact, with the help of this 
analogy and applying the laws of kinetic theory and thermodynamics, Richardson 
gave a formula for the saturation thermionic current at absolute temperature T 


as follows : I-AT? e 

where A is a constant which has à value of about 60 for pure metals such as 
tungsten Or tantalum but varies widely for other practical emitters and b is a 
measure of the work an electron must perform when leaving the emitter surface. 
The above equation i$ known as Richardson's formula. The formula states that 
in order to get copious supply of electrons, the temperature of the metal surface 
must be increased or the emitter should be selected in such a way So as to have low 
work function. Experiments show that any metal coated with barium or stron- 
tium, gives copious supply of electrons at about 800°C. 


Work function of a metal : The constant b in the above formula is a charac- 


teristic of a metal. Theory shows that b is related to the minimum kinetic energy 
required by an electron to escape from the surface (4mv,?), by the formula, 
ine 
Er 


where k is known as Boltzmann constant. 
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The minimum escape energy of the electron is usually expressed in the 
form : $mv,*—e$ where e is the charge on the electron in coulomb and 4 is the 
p.d. in volts through which an electron must pass starting from rest, in order to 


e$ 


acquire the same amount of kinetic energy. Hence, b= i The constant ¢ 


is known as the work function of the metal ; it is a measure of the work that the 
electron must do in overcoming the surface forces on escaping. 


2.2. Two-electrode thermionic valve or Diode : 


Following Edison’s experiment, Fleming, in England, showed that electrons 
sent out from the hot filament could be attracted to a positively charged plate 
near by. Fleming thus devised the first thermionic valve, known as Fleming’s 
valve at the beginning but latter on as ‘Diode’. 


: It consists of a filament F and a plate P enclosed in a glass bulb which is 
A highly evacuated (Fig. 2.1). When the filament is 
heated to incandescence by means of a battery 

B, it emits electrons by thermionic process. Now, 
+ if the plate P is given a positive potential with 
T respect to the filament -F by another battery B, 
L^ the electrons are attracted towards the plate and 
id a current passes from the filament to the plate as 
indicated by a milliammeter A included in the piate 
circuit. But if the terminals of the battery B, be 
reversed, giving the plate P a negative potential with 
Bi - respect to filament, no current flows. So, the current 
Fig.2.1 flowing between the filament and the plate is always 

uni-directional, For this reason, it is called a valve. 


Ordinarily, the voltage of the battery B, is not very high. On the other 
hand, the voltage of the battery B, is high. For this reason, the former is called 
alow tension battery and the latter a high 
tension one. 


Fig. 2.l(d) shows the construction Vacuum 
of a diode. Generally, the plate P of Fil " 
the diode is called anode or simply "rj. 
plate and the electron-emitting filament is 
called cathode. The cathode of a diode 
valve may be directly heated (Fig. 2.1) 
or indirectly heated. In a directly heated 
type of diode, the filament is directly 
connected to the battery. Itis made of a 
ribbon of very fine wire and has a resis- 
tance such that when proper voltage is 
applied to it, the filament soon acquires Fig. 2.1(a) 
the requisite temperature for emitting copious electrons. 
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_ An indirectly heated type of diode has the advantage that it can be used 
with a D.C. or A.C. supply. 

The schematic symbol used to represent this cathode diagrammatically and 
its real appearance are shown in figures 
2.2(a) and 2.2(6). Here C is a nickel 
cylinder having a layer of oxide on its outer 
surface. There is a heating wire H inside 
this cylinder but without any contact with 
it. This wire is generally made of tungsten. 
The wire is heated by current supplied by 
either a d.c. or an a.c. source of supply and 
the heat radiated or conducted by the wire 
heats up the cylinder C. Heated in this way, 
when the cylinder attains a suitable tempera- 
ture, electrons are emitted from the oxide (a) (b) 
coating, It is clear that both a.c. and d.c. 
may be used in this cathode. Further, the Fig.2.2 
potential in this cathode is everywhere same and it has a long life. 


vYvvvev 


2.. Space charge : 

The total number of electrons emitted by a cathode of a diode depends 
on the effective temperature of the cathode. The plate voltage has no effect 
on the number of electrons emitted by the cathode. The function of positive 
plate voltage is simply to attract the electrons towards the plate. The plate 
voltage, therefore, determines the number of electrons reaching the: plate. 
When the p.d. between the plate and the cathode of a diode is low, all the electrons 
emitted from the cathode, cannot reach the plate. Some of the electrons ate 
found to gather near the cathode and form a cloud of electrons. This cloud 
that is formed in the inter electrode space between the cathode and the plate is 
called the space charge. 

The repulsive force exerted by the space charge retards the emission of 
electrons from the cathode ; some of the emitted electrons are even. sent back to 
the cathode. "With the gradual increase of p.d. between the plate and the filament, 
increasing number of electrons reach the plate. Consequently, the plate current 
increases. If the plate voltage is made sufficiently high, a point is reached even- 
tually when all the electrons emitted from the cathode are attracted to the. plate 
and the effect of space charge is completely overcome. Further increase of plate 
voltage cannot increase the plate current and the emission from the cathode limits 
the maximum current flow. This maximum current is called the saturation current. 
The effect of space charge on the function of a diode is considerable. 


2.4. Characteristic curves of a diode: 

The relation between the plate current (/j) in a diode and the plate 
voltage (Vp) for a constant cathode temperature, can be represented by a curve, 
known as the characteristic curve of the diode. Keeping the cathode at different 
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temperatures, a family of such curves may be drawn. From these characteristic 

curves we may get valuable information regarding the behaviour of the valve. 

Fig. 2.2(c) shows the nature of characteristic curves obtained by plotting Vp 
against Ip for three different cathode temperatures Tj, T; and T; (T4 T,—T;). 

From the figure, we see that all the curves are similar at low plate voltage 

when the negative space charge effect is predominant in limiting the flow of elec- 

trons. The plate current in this low plate voltage region is completely controlled 

by the voltage at the plate and does not depend on the temperature of the cathode. 

Under this circumstances, the plate current is said to be space charge limited. As 

the plate voltage is gradually increased, an 

increasingly greater portion of the total 

| supply of emitted electrons are attracted to 

T2 the plate and the effect of the space-charge 

is eventually overcome. This is evidenced 

by the gradual flattening of the characteristic 

curves as the plate voltage is increased. 

B When the plate voltage is sufliciently high 

the entire supply of emitted electrons reaches 

A 0 Vy s the plate and the current attains a constant 

value. This is called saturation current which 

Fig. 2.2(¢) is independent of plate voltage. The hori- 

zontal portion of the characteristic curves indicates that the saturation current 

does not change when the plate voltage is increased. 


The portion AB of the characteristic shows that some plate current (OB) is 
available even if the plate voltage is zero. This proves that a few electrons. can 
reach the plate even when there is no attractive force of the positively charged 
plate. This happens because when electrons are ejected from the cathode surface, 
they are ejected with some initial kinetic energy. This initial kinetic energy helps 
a few electrons to reach the plate and a small plate current is produced, 


Langmuir-Child’s Law : 

An interesting relation holds for diodes that are operated in the plate-voltage region where 
space-charge limits the value of the plate current, From the characteristic curves, it is found 
that for plate potential, the current is less than the saturated current and is approximately propor- 
tion to $ power of the voltage between the plate and the cathode, This may be expressed mathe- 
matically by the formula J=kV $ where k is a constant depending on the shape and distance 
apart of the electrodes. This relation is known as ‘Three halves law’ or the Langmuir-Child’s 
law. 

The saturation current is not quite constant in practice and J increases Slowly with increasing 
p.d.'s. One important reason for this is the reduction in work function of the cathode as the 
electric field strength increases at its surface. 


Ip 


2.5. Use of diode ; rectification : 


_ A diode is now widely used for the purpose of rectification i.e,, for 
converting A.C. into D.C. The rectification process can be understood from 
the following description, 
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Fig. 2.3 shows the plate P and the filament F of a diode. A low tension 
battery (L.T.) is used to heat the filament. If an A.C. voltage is now applied 
between the plate and the filament, the 
plate will acquire alternatively positive 
and negative potential with respect to the 
filament. During that half cycle when 
the plate is positive, it attracts the elec- 
trons emitted by the filament and a current 
flows through the plate-filament circuit 
ie; through the resistor R. During the 
next half cycle, when the plate is negative, 
it repels the electrons and no current flows 
through the resistor R. So, we see that 
through the resistor, an intermittent but 
always unidirectional current flows. If Fig. 2.3 
the input A.C. voltage be represented by the wavy Curve as shown in fig. 2.4(a), 
the output current through the resistor R may be represented by the curve shown 

in fig. 2.4(b). From the figure, it is clear 
that during the upper half of the A.C. 


QUT PUT CURRENT 


rad supply only, current flows through the 
VOLTAGE resistor R but no current flows during 
(a) "the lower half. This is known as half- 

wave rectification. 
RECTIFIED ALa The current in R consists of a series of 
CURRENT (b) separate pulses which’ flow during alternate half- 


4 cycles of the mains supply. If the diode charac- 
ig ini Í teristic was perfectly linear, the pulses would 
consist of half-sine waves. Suppose a.c. input voltage is given by E=E, sin wt and the equation 
of the diode characteristic is I=K. V where K is a constant. The p.d. across R at à time t during 
a half-cycle when the plate P is positive relative to the filament F, is given by V—£R.. Hence, 


the p.d. across the diode at this instant is V'— E—I.R- E, sin Qt—1I.R. 
So, I-KV'—KE,sin (Qt— K.I.R 


K.E, sin @t 
1+K.R. 


i.e. the current is sinusoidal during half-cycle [Fig. 2.4(5)]. 


or f= 


By using two diodes, both loops of the A.C. cycle can be used and by passing 
the output through suitable circuits consisting of resistors and capacitors, the 
pulsations can be smoothed out almost completely into continuous direct current. 


This process is known as full wave rectification. 


The valve used for full-wave rectification is called duo-diode (fig. 2.5). It 
employs two plates with a common filament in one enclosure. P, and P, are the 
plates. They are connected to the two ends C and D of the secondary of a 


Ph 11—32 
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transformer. The’ mid-point O of the secondary is connected to the filament 
F through a resistor R. When an alter- 
nating current is supplied to the primary 
of the transformer, the plates P, and 
botón P, become alternately positive and nega- 
R cURRENT tive with respect to the filament F. 
During one half-cycle when P, is posi- 
tive and P, negative with respect to the 
filament, the electron current flows 
from the filament to P, but during the 
other half-cycle when P, is positive and 
P, negative, the electron current flows 
Ae. from the filament to Py. It is to be 
SUPPLY: noted that in both the cases, the con- 
ventional direction of current (shown by 
arrow head) through the resistor R is 
Fig. 2.5 unidirectional. In this way, full-wave 

retification can be done with a duo-diode valve. 


The duo-diode, no doubt, produces unidirectional current through R but 
the current is not smooth. The output current consists of unidirectional pulses 
as shown in Fig. 2.6(b). Such a pulsating d.c. current or voltage cannot be used 


P (a) E (b) 
* $ 
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Fig. 2.6 


directly for operating any electronic circuit. The pulsations can however be 
easily smoothed out by filters, Some rectifying valves contain a little mercury 
vapour. When electrons flow through them they ionise the mercury atoms. The 
ions and the electrons thus produced make the valve a good conductor and reduce 


the voltage drop across it ; they therefore, allow more of the voltage from the 
input to appear across the load R: 


2.6. Three-electrode valve or Triode : 


In 1907, the American experimenter Lee De Forest made an important 
addition to the diode by inserting a. third electrode between the plate and the 
filament. This additional electrode is known as grid (G). Introduction of grid 
has vastly extended the usefulness and the applicability of the valve.. It is called 
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a triode because of the fact that it contains three electrodes [Fig. 2.7(a)]. The 
triode valve consists of a highly evacuated glass 
bulb containing (i) a filament F usually made of 


platinum, tungsten or tantalum and is coated GRID(G) 

with a substance like barium oxide to give a PLATE i 

good emission of electrons at low temperature, (P). G 

(ii) a grid G which may be a flat metel gauze FILAMENT, E 
placed above the filament or a spiral of wire (m 

mounted with the filament as axis. The grid (a) (b) 


is generally placed closer to the filament than 
to the plate and (iii) a plate P which is in the 
form of a flat plate if the grid is flat or in the 
form of a cylinder surrounding the grid if the 
latter is spiral.. A triode is diagrammatically, represented as shown in fig. 2.7(b). 

The filament is provided with two external leads for connecting it to a low 
tension battery which supplies the heating current. The grid and the plate are 
each provided with a single external lead so that they may be given any desired 
potential—positive or negative—with respect to the filament by the use of suitable 
batteries. The three electrodes of the triode are well insulated from one another. 

Triode circuit ; Fig. 2.8 shows a simple circuit arrangement for the use of 
triode. The circuit can be divided into three parts : 


Fig. 2.7 


Fig. 2.8 


(i) Filament circuit : The filament F is connected in series with a rheostat 
and a low tension battery (nearly 6 volts). The L.T. battery supplies the heating 
current to the filament, which when brought to incandescence, emits electrons. 

(ii) Plate circuit : A high tension battery (0-200 volts) with a potentiometer 
arrangement is connected across the plate and the filament. The positive terminal 
of the H.T. battery is connected to the plate P and the negative terminal to the 
negative of the filament. By this arrangement the plate can be given positive 
potential from 0 to 200 volts with respect to the filament. A miliammeter (m4) 
in series with the plate measures the plate current (Ip) and a voltmeter (Vp) across 
the plate and the filament measures the potential applied to the plate. 

(iii) Grid circuit : Another battery, known grid-bias battery, of lower 
voltage (0—20 volts) with a potentiometer arrangement, is connected to the grid 
(G) and the filament. The negative terminal of grid bias bettery is connected to 
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the grid and the positive terminal to the filament. As a result, the grid is main- 
tained at a negative potential with respect to the filament. A voltmeter (Vj) is 
connected in parallel with the grid to measure the voltage given to the grid. By 
reversing the terminals of the grid bias battery, the grid can also be mai ntained 
at a positive potential with respect to the filament, whenever necessary. 


Function of the grid: From the above circuit arrangement it is obvious that 
if the plate is maintained at a Positive potential with respect to the filament, the 
electrons emitted from the filament will be able to reach the plate and a current 
will flow in the plate-filament circuit, This is known as plate current Which is 
recorded by the milli-ammeter (m4). With the increase of the plate potential, 
the plate current also increases until it reaches a maximum value. Now, if the 
grid, placed near the filament, be given a negative potential with respect to the 
filament, the grid will repel the electrons back to the filament, thereby decreasing 
the plate current. On the other hand, if the grid is maintained at a positive 
potential with respect to the filament, the grid will attract the electrons which will 
quickly move towards the plate, thereby increasing the plate current. In this way, 
the plate current can be increased or decreased at will, by Suitably varying the 
grid-potential. 


2.7. Static characteristics of a triode : 


In a triode, the plate current may be changed in two ways: (i) by 
changing plate potential and (ii) by changing grid potential. If we draw a 
graph between different values of plate potential and the corresponding 
plate currents, keeping grid-potential at a constant value, we get one static 
characteristic of triode, called plate characteristic or anode characteristic, 
On the other hand, a graph drawn between different values of grid-potentials and 
the corresponding plate currents, keeping plate-potential at a constant value, gives 
another static characteristic, called the mutual characteristic, 

To get the characteristic curves, the circuit arrangement as shown in fig. 2.8, 
is necessary. 

() Plate characteristics : To draw plate characteristics, grid-voltage (VG) 
is to be kept constant but the plate-voltage to be varied and at each step plate 
I i current (p) is to be measured from the milli- 

ammeter. By adjusting the slider of the 

f potentiometric arrangement provided with the 
j grid bias battery, the grid-potential at first, is 
made zero (VG=0) and in this condition, the 
plate is given various positive potentials, 
starting from zero value to a high value (say, 
200 volts) and at every stage current is noted 
from the milliammeter. If a graph is now drawn 
between (Vp—Ip) a curve like the curve no. 1 
Bot A and acp Don Fig, 2.9] will be obtained. "When the plate- 
Fig. 2.9 potential is low, the plate-current is also low. The 

reason, as has been mentioned earlier, is space charge. With the increase of plate 
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potential, the space charge effect decreases and hence the plate current increases. 
Finally when the piate-potential is sufficiently high, the space charge effect is 
totally absent and the plate current becomes saturated. This is indicated by the 
top horizontal portion of the characteristic curves. 

The curve no. 2 shows the Vp—Jp characteristic curve when grid-voltage is 
kept constant at —1 volt. Figure shows that plate current is not available until 
the plate potential increases from 0 to 4. The reason is that the negative grid 
potential repels some of the electrons emitted by the filament and increases the 
space-charge effect. So, a greater plate potential than before is now required for 
commencement of plate current. 

Curve no. 3 indicates the Ve—Jp curve when Vo=—2 volts. Since the 
grid is more negative, a still greater plate voltage (OB) is needed for the com- 

. mencement of plate-current. 

Fig. 2.9 shows that the characteristic curves, in general, are bent at the 
lower portion but are straight and parallel at the upper region. The plate charac- 
teristics help us to find the effective resistance, called plate resistance (Re) of the 
triode. This is the internal resistance of the device for the given grid and plate 
voltage and can be obtained from the slope of the characteristic curves. The 


plate resistance Re is given by m- (S5) Va-const. 
P 


(ii) Mutual characteristics : Mutual characteristics give an idea as to how 
plate current changes due to the alteration of grid potential when the plate- 
potential is kept constant at a particular value and are important for more than 
one reason. The curves indicate how triode can operate as an amplifier and 
give several important constants of the valve. To. draw mutual characteristic 
curves, circuit arrangement as shown in fig. 2.8 is necessary. 

Adjusting the position of the slider of the plate-circuit rheostat, the plate is 
given, say, a constant potential of +80 volt with respect to the filament. If in 
this condition, the grid-voltage be zero (Va=0), the electrons emitted from the 
filament, will have almost no difficulty to gl 
reach the plate, except the little resistance 
offered by the space charge. Cons- 
equently, a plate current will be produced 
which will be recorded by the milliammeter 
in the plate circuit. If now, the grid 
be given gradually increasing negative 
potential by adjusting the rheostat in the 
grid circuit, the electrons will face increasing 


difficulty to. reach the plate. . As a a Ae RC EC RE 
result, the plate current will diminish Vg—> + 
slowly. Fig. 2.10 shows this change of Fig. 2.10 


plate current with the change of grid voltage (when plate voltage is kept constant 
at -+80 volts). Figure shows that the plate current stops when grid-voltage is 
—2 volts. ‘This value of grid voltage is called the cut off point. If the grid be 
given increasing positive. potential, instead of negative, the plate current also 
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“ increases till it becomes saturated. The portion of the graph, then, becomes 
parallel to the Vg axis. 

A family of such curves may be drawn by keeping the plate at different 
constant potentials like 100 volt, 120 volt etc. The nature of the curves has been 
shown in fig. 2.10. These curves are known as mutual characteristic curves. 
From a study of these curves, we can say (i) the plate current increases propor- 
tionally with the increase of plate potential ; the reason is simple ; with the increase 
of plate potential, the space charge diminishes and more and more electrons can 
reach the plate. 

(ii) With the increase of plate potential, the cut-off point of grid bias also 
(negative) increases. 

(iii) The top and bottom portions of the curves are bent but the middle 
portions are straight and parallel, 


2,8. Valve constants : 


The.most important design factors of a triode or the valve constants are 
(i) the amplification factor (p) (ii) the a.c. plate resistance (Rp) and (iii). the 
mutual conductance (gm). 


() The amplification factor: It is a measure of the relative effectiveness 
of the control grid in overcoming the electrostatic field of the plate. It is defined 
as the ratio of a small change in plate voltage to the small change in grid voltage 
required to produce the same change in the plate current. It is usually denoted 
by p. 


If 83V be the small change in plate voltage and $V the small change in grid 
voltage for the same change in plate current (essentially holding it constant), then 
V, 
n= —2 (when Jy is constant)... .(i) 
3V, 
Thus, if the amplification factor a triode be 20, a change in grid (or signal) voltage 


will be 20 times as effective in changing the plate current as the same change in 
the plate voltage. 


(ii) The a.c. plate resistance : It is a measure of the internal opposition 
of the valve to the flow of plate current, when a.c. voltages are applied to the 
electrodes, It is defined as the ratio of a small change in plate voltage to the corres- 
ponding change in plate current produced thereby, when the grid voltage is kept 
constant. It is usually denoted by Rp. 


If èVp be a small change in plate voltage causing a corresponding small 
change 37, in the plate current when the grid voltage (Vj) is kept constant, then 


è i 
BEER (when V, is constant). ., T (ii) 
à, 


Different types of valves have different a.c. plate resistance, 6J5 triode, which is 
commonly used as an amplifier, has a.c. resistance of about 7700 ohms. 
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(iii) The mutual conductance : It is a measure of the effectiveness of the 
control grid in securing changes in the plate current and hence signal output of the 
valve. It is defined as the ratio of a small change in plate current to the small change 
in grid voltage producing it, when the plate voltage is kept constant. lt is also 
known as transconductance and is denoted by gm. 

If 37, be a small change in plate current caused due to a small change 3V; 
in the grid voltage when the plate voltage (Vp) is kept constant, then, 


tna (when Vpis constant)... .. — (ii) 


From equ.s (ii) and (iii) on multiplication, we get 
BV, Blip SV, 

—— X = =H. 

RoX8m— Xy, BV, 

So, the valve constants are inter-related and knowing any two, we can find 
the third. 

Example 1: A triode passes a plate current of 5 m.a. at plate voltage 150 
volts and grid voltage —2V. If the grid voltage is changed to —3:5V, the plate 
current falls to 3:2, m.a. but can be restored to 5 m.a. by increasing the plate potential 
to 195 V. Find the mutual conductance and a.c. resistance. Hence find the ampli- 


fication factor of the valve. 
Ans, We know, sama Here 8Jp=5—3'2=1°8 m.a.=1°8x 10-3 


g 
| [8x 10-3 


amp. and 8V7g=—2—(—3'5)=1'5 volt .. &m= —L2x10-* amp/volt. 


Again, we know, Rosa. Here 5Vp=(195—150)=45 volts and 37— 
45 


p 
=]: du -3 . TM is 
5—3:2=1:8 m.a.—1:8x10-? amp. .. Rp 18x10 25000 ohms. 


Further, since p=Rp Xm, we have p. —25000 x 1:2x 10-°=30, 

Example 2: Jn the study of static characteristic of a triode valve, the plate 
current increases by 4 m.a. when the plate voltage is changed from 90 volts to 115 volts 
at constant grid potential. Keeping the plate potential of 90 volts, the same change 
in plate current is achieved when the grid potential is changed by l5 volts. Calculate 
(i) amplification factor (ii) mutual conductance and (iii) a.c. resistance of the valve. 


àV, 115—90 
Ans. (i) Amplification factor. p= eC epa lh 
SV 15 
9r, -3 
(ii) Mutual conductance qua ty, A —2:6x 10-3 mho 
Vg 1:5 
lgi : (up 115-99" "25m a T 
(iii) A.C. resistance RE Cups T T2956 25x10? ohm, 


2.9. Triode as an amplifier : 
We have seen earlier that a triode acts as an amplifier because the 
plate current is affected to a much greater degree by a change in the grid 
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voltage than by a change in the plate voltage when the grid is given a suitable 
bias. Often we find microphones, record player heads, and. many other 
electrical devices produce such feeble electrical voltages that it is necessary to 
magnify or amplify them by a large factor before they are used to operate loud- 
speakers. Amplifiers are electronic circuits which take in small voltages and 
amplify them, say A times. A is called the amplification factor or gain of the 
amplifier. Triode, by virtue of the property mentioned above, can be suitably 
used as devices for amplification. 
Consider the linear portion ACB of the mutual characteristic of a triode 
[Fig 2.11]. Let the mid-point C of the straight portion be selected as the working 
point of the valve i.e. the grid is given 
a negative potential (— Vg) represented 
MiexiriED by the point E corresponding to the 
PLATE CURRENT mid-point C. If the grid potential is 
maintained at that value, a constant 
plate current-of the amount OL will be 
obtained. If an alternating potential be 
now applied to the grid, its potential 
“Vg will vary correspondingly about the 
ALTERNATING point E. During the positive half-cycle 
GRID VOLTAGE of a.c. supply, the grid potential changes 
from-OE to OD (i.e. the grid becomes 
: less negative than at start) and during 
Fig. 2.11 the negative half-cycle, the grid-potential 
changes from OE to OF (i.e, the grid becomes more negative than at start). Due to 
this change in grid potential, the plate current also changes and the nature of change 
in plate current is shown in fig. 2.11. The plate current changes in the same manner 
as the change, in, grid potential but the amplitude of current variations is much 
larger. Under these conditions, the triode amplifies without any. distortion, the 
input signal given at the grid. From the characteristic curve, it is clear that the 
variations of the current in the plate circuit are greater, the steeper the curve ACB. 
To obtain large amplification, therefore; the steepest part of the curve should be 
ig and the working point of the grid should be fixed at the middle of the steepest 
P A d 
If we are to see whether any amplification has 
resulted by the use of the valve, we must convert the 
change of plate current into a change of potential which 
can then be compared with the original potential 
. Change applied to the grid. This can be done by 
inserting a resistor R, known as ‘load’ in the plate- 
filament circuit as shown in fig. 2.12. A change 
of grid potential 3 Vg produces, say, a change of 375 in 
the plate current. Then the change of p.d. across the 
load Ris 3E— R.3Ip. 


Amplification produced=—= ——7- (i 
SV. 8, oo Fig. 2.12 


Now, if Ji. be the amplification factor of the valve, then a change of §Vg in the grid potential 
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produces a change of H§Vg in the plate potential which acts across the a.c. resistance Rp as well 
as the external load R. 

V 

& Ve =(R+R 8’ = p.v. 

Hd Ve (R+ der or tp RR 


A SE RUBY, uR 
So, the voltage amplificatio! oduced A=—= aO B i wt ee 
pee Eee SV (RERBVQ  ORER, IFRIR 


pee ee 

: 1+-Rp/R 

From the above relation, it is clear that the voltage amplification—sometimes it is called stage gain 
—can never be more than the amplification factor (p) of the valve. When the external load is 
infinity (i.e. R=), the voltage amplification A becomes maximum and is equal to p, the ampli- 
fication factor, because Ry R=0. But the plate current diminishes when R becomes very high. 
For this reason, generally the load R is made equal to a.c. resistance Rp and in that case, the 
voltage amplification A=p/2. 

When the valve is used as a voltage amplifier, it is important to safeguard that the output 
is not distorted. To ensure that the amplifier operates without distortion i.e. the wave-form of 
alternating potential across the load R is exactly of the same shape, though of greater amplitude, 
as the wave-form of the grid input, (i) the characterestic must be straight and linear and (ii) the 
working point must be fixed at the middle point of the steepest part of the characteristic. 


Example : A triode with an amplification factor of 10 and. an a:c. resistance 
of 10,000 ohms is connected in series with a load. resistance of 50,000 ohms and a 
small voltage v is applied between grid and filament. What. change in voltage 
takes place across the load resistance ? 


Ans. We know, 4— EIR here u—10 ; Rp=10,000 sree and 
R,=50,000 ohms 
A s=- Hence the change in voltage: across the; load 
| $0,000 
=8'33.0. 


2.10. Elementary principles of radio : 

Transmission and reception of radio programmes from one end of the world 
to the other within à moment is, indeed, an amazing achievement of modern 
science. Radiophysics, as a matter of fact, is now-a-days so vast and extended 
that a. detailed study of the subject is not possible within a limited scope. We 
shall, therefore, discuss in the following paragraphs, the elementary principles of 
transmission and reception. of wireless waves. 

(i) Transmission system : Programmes of songs, music, speech etc. that 
aré broadcast over the radio have extensive range of frequencies, varying from 50 
to 20,000. cycles/sec. These signals have different amplitudes too. When a 
person sings Or talks before a microphone, the microphone transforms the sound 
energy into altetnating current whose frequency and amplitude vary according to 
the frequency and amplitude of the original sound. In other words the micro- 
phone converts the sound energy into electrical energy. The different frequencies 
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of the transformed electrical energy are called audio-frequencies. For various 
reasons, this. audio-frequency electric waves representing the original eas 
music, cannot be transmitted from one place to another through aether and for that 
reason, a distant station can not receive them or reproduce them. ; 
In transmission system, a carrier is needed to carry through aether the audio- 
frequency waves to distant receiving stations. These carrier waves are nothing 
but high frequency electromagnetic waves of constant amplitude [Fig. 2.13(i)]. 
A triode can produce such carrier waves and radiate them into space from a high 


CH WAVE MODULATED WAVE 


PEE 
- — CARRIER WAVES petens EAR AQ 


(i) Fig. 2.13 (ii) 
antenna installed in the transmitting station. When no message is sent, the ampli- 
tude of these carrier waves remains constant. The wave length of the carrier 
waves used in transmission of radio programmes varies from 10 to 500 metres and 
their frequencies from 600 kilo-cycles to 30 mega-cycles per second, 

It has been mentioned before that the carrier waves do not convey any 
signal. The audio-frequency waves representing the programme—these are some- 
times known as speech waves—are impressed on the carrier waves. The process 
is known as modulation. In amplitude modulation, the amplitude of the carrier is 
changed in the tempo of the sound waves. In the frequency modulation system, 
the carrier wave has a constant amplitude but its frequency is changed according 
to the pattern of the sound waves. The antenna radiates the modulated carrier 
waves in space as electromagnetic waves [Fig. 2.13(ii)], which travel in all directions 
with the speed of light. When they reach the aerial of a receiving station, the 
later detects the signals, speech or music. 

(i) Receiving system : The basic 
purpose of the receiving system is to 
detect and reproduce the signals broadcast 
'from the transmitting station. A dia- 
gram of a very simple receiving circuit is 
shown in fig. 2.14. When a signal from a 
transmitting station arrives at the aerial 
of the receiver, high-frequency oscillations 
are set up in the inductance L, of the 
aerial. With the help of tuned Z-C circuit 

UT. these oscillations are fed into the grid- 
circuit of a triode, which separates the 
speech waves from the modulated carrier 
waves and sends them to the head-phone 


of the plate circuit. The head-phone reproduces the original signal or music. 


AERIAL HEAD PHONE. 


Fig. 2.14 
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Exercises 


Essay type : 


1. Describe a vacuum tube diode and show the characteristic (current Vs. voltage). Explain 


them. [H. S. Exam. 1979] 


2. Explain with the help of diagrams how alternating current may be rectified using 
diode valve. [H. S. Exam. 1978] 


3. What is the advantage of full wave rectification as compared with half wave. rectifica- 
tion ? 

4. Give the constructional detail of a triode. Draw the plate characteristics at different 
grid voltages. Explain the use of triode as an amplifier. [H. S. Exam. 1980] 


5. What are valve constants ? Write the relation between them. 
6. What are (i) Amplification factor and (ii) Voltage amplification ? Show that 
H x 
A= TERR where symbols have usual meaning. 
7. Write a short note on wireless transmission and reception. 
8. Write notes on : (a) trode (b) carrier wave (c) modulation (d) amplification (e) space 
charge. 


Short answer type : 


9, What is thermonic emission ? What is the nature of these ions ? 
10. What is space charge ? What is its effect on the plate current ? 
11. What is the significance of using the third electrode—the gird in a vacuum tube ? 
Where does the added energy in an amplifier come from ? 
[Hints : Triode gets the added energy from the high tension battery connected to the 
plate.] 
12. Define: (a) amplification factor (b) mutual conductance (c) a.c. plate resistance. 
13. Why is the grid made perforated ? 
[Hints : It will collect very little electrons and a small grid current will flow. This will 
cause a small wastage cf energy.] 
14. Why voltage amplification is always less than the amplification factor of a triode ? 


Objective type : 


— 
15. A. Which of the statements below are true and which are untrue ? 


(a) Triode valve may be used to rectify an alternating current. 

(b) For a given plate voltage, the plate current in a triode valve is maximum when the 
potential of (i) the grid is positive and plate is negative (ii) the grid is zero and the plate is positive 
(iii) the grid is negative and the plate is positive (iv) the grid is positive and the plate is positive. 
Which is correct ? [LLT. 1985] 

(c) To use the triode as an amplifier, the working point should be fixed at the non-linear 
portion of the characteristic curve. 

(d) The process of superposing the speech waves on the carrier wave is called the modulation. 

(e) The grid in a triode is a very efficient controller of space charge. 

(f) The plate resistance of a triode valve is 3x 10? ohms and its mutual conductance is 
15x10 amp/volt. The amplification factor of the valve is (i) 5x 107* (ii) 45 Gii) 2x 10°. 
Which is correct ? U.LT. 1983) 
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B. Select the correct statements from the following : 

(i) A diode can be used as a rectifier (ii) A triode can not be used as a rectifier (iii) The 
current in a diode is always proportional to the applied voltage (iv) The linear portion of the I-V 
characteristic of a triode is used for amplification without distortion. 


Numerical Problems : 

———— 
~ 16. A diode is connected toa H.Tof 200 volts anda cell of 6 volts isincluded in the filament 
circuit. An ammeter 4 included in the plate circuit reads 400 mA. Two ammeters A, and As 
are included in the filament circuit. 4, in the negative part of the filament supply and A, in 
the positive part. The ammeter A, reads 2 amp. What in the reading in A, ? 
l (Ans. 24 amp] 


19i 


"47. The following data were obtained in a triode valve experiment : 


Plate Voltage 200V 200V 250V 250V 250V 
(Vp) 

Grid Voltage -1V —1:5V —1V —18V 23V 
(Vz) 


Plate current 5ma 2 ma 


(Ip) 


Calculate (i) the amplification factor (ii) a.c. plate resistance (iii) the mutual conductance 
1 [Ans. (i) 62:25 (ii) 10418 ohm (iii) 6x 1077] 

18. A triode valve has amplification factor 30 and mutual conductance 1-2 x 107°. Deter- 
mine the a.c. plate resistance of the valve. [Ans. 25x10? ohms] 


19. Ina triode, if plate voltage be changed from 100 volt to 150 volt and at the same tims, 
grid voltage is charged from —0:35 to —0-9 volt, the plate current remains constant at 5ma. 
Find from these data, the amplification factor of the valve. [Ans. 91] 

] 20. A triode has mutual conductance of 3x 107* amip/volt and a.c resistance 15,000 ohms. 
Find the load which must be inserted in the plate circuit in order to obtain a voltage amplification 
of 30. à è P [Ans.: 30,000 ohms] 

2. A triode has the following characteristics : 1-740 ; a.c. resistence —11,00 ohms and 
load in the plate circuit R=40,000 ohm. Find the voltage amplification. [Ans. 31.3] 


——— 
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3.1. Discovery of photo-electricity $ 


It has been found that some substances, chiefly metals when irradiated 
by radiations of suitable wave-length, emit electrons as long as the radiation 
falls on them. This phenomenon is known as photo-electricity. 


It was first observed by the celebrated German physicist Hertz in 1887. He 
was producing electromagnetic waves by passing sparks between two electrodes. 
He found that when ultra-violet rays fell on the spark gap, the sparks passed more 
easily. Hertz, however, did not proceed much with the phenomenon. A year 
later, i.e. in 1888, Hallwachs, Elster and Gietel carried out some experimental 
investigations about the phenomenon. They introduced two zinc plates in an 
evacuated quartz bulb and connected the plates to the positive and negative termi- 
nals of a battery. They found that when ultraviolet light was made to fall on the 
—ye plate, a current started flowing in the circuit and stopped as soon as the 
ultra-violet beam was stopped. They also found that no current flew if the beam 
was made to fall on the +ve plate. Lenard, in 1900. proved that the phenomenon 
was due to the emission of electrons from the metal surface exposed to ultra-violet 
light. As the effect is produced under. the influence of light, it is called photo- 
electric effect (photo means light), and for the same reason, the electrons and the 
resulting current are known as photoelectrons and photoelectric current, 

^ "The alkali metals like lithium. sodium, potassium etc. are found to be very 
photo-sensitive. They emit electrons, even when ordinary visible light falls on 
them. Experiments show that with light of suitable wavelength (gamma rays, 
X-rays or ultra-violet rays), almost all metals exhibit photo-electric phenomenon. 


3.2. Experimental study of photo-electricity h 

For experimental study, of photoelectric phenomenon, an arrangement 
as illustrated in fig. 3.1 may be used. It 
consists of two metal plates K and A sealed 
into an evacuated quartz bulb. A potential 
difference may be set Up between the plates 
with the help of a battery and a variable 
resistor, the plate K having been raised to 
a negative potential and the plate A to 
a positive potential. With the help of the 
potentiometer arrangement, the potential 
difference. between the plates A and K may 
be increased or decreased or may even be ii 
reversed. A sensitive galvanometer G is i+ 


included in the circuit. Y Fig. 3.1 
1f the plate K is coated with an alkali metal and if light be allowed to fall on 


510 A TEXT BOOK OF PHYSICS 


it, a current flows through the circuit and a deflection is produced in the galvano- 
meter G. When the potential difference between the plates is increased, the 
current increases with the p.d. until it reaches a maximum value, called the satura- 
tion current. 

If, however, the plate K is given a small --ve and the plate 4 a —ve potential 
.and if light of a given wavelength is incident on K, the slower of the emitted elec- 
trons are drawn back and fail to reach the plate A. Consequently, the current 
will decrease appreciably. As the ve potential of the plate K is increased, more 
and more electrons are drawn back and the current decreases sharply until it 
becomes zero at some positive potential of the plate K, called the stopping potential 
for the particular metal. It is superfluous to mention that at the stopping poten- 
tial, even the fastest electrons are turned back to the plate K. By measuring the 
stopping potential, the maximum velocity or the energy with which photoelectrons 
are emitted may be estimated. 

If, however, on making the plate K negative and the plate A positive, we 
increase the intensity of the incident light, the wave length remaining the same, 
the photoelectric current increases but the stopping potential remains unchanged. 
Hence, we can conclude that the photo-electric current depends on the intensity 
of the light falling on the photo-metal but the velocity of the photo-electrons does 
not depend upon the intensity. 

If, again, keeping the intensity of light constant, we vary the wave-length o: 
the frequency, the stopping potential changes. The higher the frequency of the 
incident light (or shorter the wave length), the greater is the stopping potential 
and therefore, greater is the velocity of the emitted electrons. 

Further, if the frequency of the light falling on the plate K be decreased 
gradually, it will be found that the photo-electric effect disappears at a certain 
minimum frequency, called the threshold frequency, whatever may be intensity of 
the light. The threshold frequency is, of course, different for different metals. 

Characteristics of photo electric phenomenon : From the results of the above 


Br ge we may summarise, as follows, the salient features of photo-electric 
effect : 


2 (i) The photo-electric current is proportional to the intensity of the incident 
light. Keeping the frequency of the light unchanged, if the intensity of the 
incident light be doubled, the photoelectric current 
A _ is also doubled. If the intensity be zero, the current 
is also zero. The variation of the photoelectric 
current with the intensity is graphically shown in Fig. 
3.1(@). It is a straight line OA passing through the 
origin. x 
(ii), The initial velocity or the kinetic energy 
^ of the photoelectrons does not depend on the intensity 
Intensity of of light of light but depends on the frequency of the light used. 
With the increase of frequency (i.e. with the decrease 


Fig.) of wavelength) the initial velocity or the kinetic energy 
of the electrons increases and vice versa. 


ne 


——> Current 
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Fig. 3.1(b) shows the dependence of the maximum energy of the ejected 
photo-electrons on the frequency of the incident light and fig. 3.1(c) shows that 


Y 
Max. |A B 
energy 
[e] grip X 
e Frequency. g Intensity of light 
Fig. 3.1(b) Fig. 3.1(c) 


the maximum kinetic energy is independent of the intensity of the right. It is 
a straight line AB parallel to the intensity axis, indicating that whatever be the 
intensity, the maximum kinetic energy remains unchanged. 

(ii) For every metal, there is a minimum frequency, below which no photo- 
electric effect is produced by the metal. This minimum frequency is called the 
threshold frequency which is different for different metals. In fig. 3.1(b), the 
intercepts made by the straight lines on the frequency axis give the threshold 
frequencies of the metals A, B and C. 

(iv) Photo-electric effect is an instantaneous effect i.e. emission of electrons 
starts as soon as the light is incident on the metal and stops as soon as the light 
is cut off. 

(V) For a given frequency of light, the initial kinetic energy with which 
the electrons are ejected varies from zero to à maximum value. ! 


3,3. Photo-electric cells : 

A. photo-electric cell is a device for converting light energy into electric 
energy, utilising the photo-electric effect. There may be 
different types of photo-electric cell, viz. (i) high vacuum 
photo-emission cell Gi) gas-filled photo-emission cell 
(iii) photo-voltaic cell etc. 

(i) High vacuum photo-emission cell : It consists of 
an evacuated glass or quartz bulb (Fig. 3.2). For visible 
light, the bulb is made of glass and for ultraviolet light, the 
bulb is made of quartz. It contains a semi-cylindrical plate 
K, having a large surface-area, known as the emitter or the 
cathode of the cell. A wire A or a frame of wire is fixed 
along the axis of the cylinder. This is known as the collector 
or the anode of the bulb. When visible light is used, the 
emitter is given a coating of sodium, potassium or cesium 
because these alkali metals are photo-sensitive so far as 
ordinary visible light is concerned. To get a profuse Fig. 3.2 
supply of electrons, various compounds are now-a-days used as cathode. A 
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coating of cesium and silver oxide, antimony-cesium alloy etc. are some of the 
compounds now used for making the cathode of a photo-cell. Very recently, a 
mixture of bismuth, silver, oxygen and cesium is found to be photo-sensitive in 
a marked degree so far as visible light is concerned. 


Ordinarily, photo-electric current is very feeble—of the order of several 
micro-amperes only. For practical use, the current is amplified by means of 
thermionic valve amplifier. 


(ii) Gas filled photo-electric cell : In order to augment the current obtained 
from a photo-cell, gas-filled bulbs are sometimes used. The bulbs of such photo- 
cells are filled up by some inert gas, like neon or argon at a low pressure (few 
millimeters of mercury). When the p.d. between the anode and the cathode is 
increased the photo-electrons emitted from the surface of the cathode travel 
towards the anode with considerable speed and colliding against the atoms and 
molecules of the gas, bring about ionisation of the gas. This process gives rise 
to a large number of electrons, which flowing towards the anode along with the 
mainstream, increase the photo-electric current to a considerable extent. 


In a vacuum photo-cell, the photo-electric current is strictly proportional 
to the intensity of the incident light but in a gas-filled type of photo-cell, it is not 
so. For this reason, gas-filled photo-cell is never used for standardisation or for 
any quantitative work. They are used for other purposes, 


(iii)  Photo-voltaic cell: In photo-emission cells, a p.d. needs be applied 
between the anode and the cathode for driving electrons to the anode, which sets 
up the photo-electric current and for establishing, the p.d., a battery is required 
to be joined with the cell. But a photo-voltaic cell does not require the assistance 
of an auxiliary battery like the above, because in this case, the ejected electrons 
themselves set up the necessary p.d. between the plates for driving current in the 
external circuit, 


It consists of a thin layer of cuprous oxide coated on a disc of 
copper (Fig. 3.3). The oxide film has sputtered 
silver or gold film on its upper surface. When 
light passing through the thin sputtered film, falls 
on the oxide layer, electrons are emitted from it not 
into the surrounding air but into the gold or silver 
film. The oxide layer thus becomes positively 
charged and the film negatively. An e.m.f. is thus 
set up. If an external circuit R together with a sensi- 
tive galvanometer G is introduced between them a 
feeble current will flow through the circuit and the 
"galvanometer will show a deflection. The current 
y available from a photo-voltaic cell is proportional to 
Fig. 33 the intensity of light. 


_ Photo-voltaic cells are used as light-intensity: meters as well . as 
rectifier, 
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3.4. Practical applications of photo-electric cells : 


Photo-electric cells have a number of important practical applications, 
seme of which are mentioned below : ; 

GÀ Photometric measurement: This cell is applied in. measuring the 
luminous intensity of a source of light or for comparing the luminous intensities 
of two sources. It is then called a direct-reading photometer, 

(ii) Photo-electric control : By working a relay with the help of current 
available from a photo cell, many control works are performed. Thus, automatic 
control of street lighting, of signals at level crossings, of gates and doors, automatic 
counter, burglar’s alarm, fire alarm etc. are rendered easy and effective by the 
use of photo-cells. 

(iii) Talking films : Recording and reproduction of sound in cinema are, 
at present, made with the help of photo-cells. 

(iv) Television: The transmitter of a television—the iconoscope—is a 
combination of photo-cell and cathode-ray oscillograph. 

(v). Belinogram system: Belinogram is the process of transmission of 
pictures to distant places within a very short time by telegraphy. The photo- 
electric cells find an important application in this art. 


3,5. Particle nature of radiation : Quantum theory : 

Besides having useful practical applications, such as those described above, 
the photo-electric effect played an important part in the development of one of the 
outstanding ideas of modern physics—the Quantum theory. 

Before the establishment of Quantum theory, all cases of energy transfer, 
according to the classical wave theory, were considered to be continuous because 
wave-motion was continuous. It was supposed possible to measure out and 
transport any desired amount of energy, with available limits, just as one might 
measure out a quantity of liquid. But at the beginning of this century, the German 
physicist Max Planck found that a theoretical explanation of the experimental. 
observation in black-body radiation could be worked out only by making the 
unusual assumption that the energy is given off in separate or discrete packets of 
energy, known as quanta of energy. These quanta are not all of the same size ; 
instead the amount of energy carried by each is proportional to the frequency of 
the radiation in question. 

If the energy (heat) radiated by a black body be of frequency v, then each 
quanta of the radiation will carry, according to the Quantum theory, an energy 
equal to Av, when h is a constant known as Planck's constant. The value of / is 
662 x 10-2" erg-sec ; if E be the energy of the radiation, then E=/y, where v is 
the frequency of radiation. 

Failure of classical wave theory of light in explaining photo electric phenomena : 

The classical electromagnetic wave theory of radiation was found altogether 
incapable of explaining the experimentally well established facts about photo- 
electric effect. According to wave theory, the energy of light wave is distributed 
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uniformly over the entire wavefront. It is very difficult to understand how such 
uniformly distributed energy could suddenly concentrate on extremely small 
cross-section of an electron. Calculations on the basis of wave theory show that 
the time required for an atom to gather sufficient energy from such wave front so 
that an electron may escape the surface, may in some cases, run into several days. 
But experiment shows that the effect is instantaneous. Further application of 
wave theory to photoelectric effect compels us to conclude that the initial velocity 
of electric emission should depend on the intensity of the incident light which is 
contrary to experimental findings. The existence of threshold frequency, in each 
case, is also contrary to the conditions of wave theory, for it seems quite without 
reason why a sufficiently intense beam of low frequency fails to liberate an electron 
while a feeble beam of high frequency succeeds in doing so. 

For a satisfactory explanation of these facts, Einstein applied the Quantum 
theory to the photo-electric process. According to this theory, radiation is 
regarded as a shower of quanta or photon—the name ‘photon’ was inducted 
by Einstein—each photon of energy hy moving in space with the velocity of light. 
As a piece of matter is made up of numerous discrete and discontinuous atoms, 
radiation, likewise is made of numerous discrete and discontinuous photons. 
According to Einstein, the collision between a photon and an atom of a metal is 
an elastic collision in which the atom absorbs all the energy of the photon or none. 
With this assumption, Einstein established an equation known as photo-electric 
equation which successfully explained all the experimental facts of photo-electric 
effect and thus established Quantum theory on sound footing. 

Subsequently, ‘a few sub-atomic processes were found which necessitated the 
application of Quantum theory for a complete explanation. In this way, the 
Quantum theory as proposed by Max Planck was found to be applicable in all 
cases of radiation and became an accepted part of modern science. 


Wave length of photon : 


Suppose, the energy of a photon—E and its frequency=y. From Quantum 
theory, E=hy. If À be the wavelength of the photon then v.).—c, where c is the 
velocity of the photon (i.e. light) 


This shows, the more the energy of a photon, the less is its wave length, 
Example 1: The energy of a photon is 5 electron-volt. What is its wave- 
length ? 1 eu — 16x 107? erg ; h662X 10727 erg-sec, 
Ans. The energy E=5 ev —5 x 6X 107? erg=8 x 107? erg. 
hc. 662x 10-2 x 3x 101^ 
Now. (== eee? -5 m 
; E 2:48 x 10-5 cm.—2480À 


Example 2: Find the energy, in electron-volt, of a photon whose wavelength 
is 49504?. 14? —10-? cm and h=6'62 x 107?" erg-sec. [Jt. Entrance 1981] 
hc 662x107? x3 x 10° 


Ans, We know, energy of a photon .E——e —— —— rns 
nr x 495x10* — ^? 
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Now, ‘Lev.=1'6x 10-1? erg. 
662 x 10-27 x 3 x10! 
See rar rrr Teel =Z. 
Poergy, 1 4950»: 10-9 6x 10-12 ^" dnt 


3,6. Einstein's photo-electric equation : 


According to the quantum theory, radiation is regarded as a shower of 
photons, each of energy hy, moving with the velocity of light. Assuming that an 
elastic collision between a photon and an electron results in the complete absorp- 
tion of the energy of the photon by the electron of the atom. Einstein established 
an equation, known as photo-electric equation, which satisfactorily explained all 
the experimental observations in connection with photo-electricity. 

The minimum amount of work or energy to take a free electron out of the 
surface of a metal against the attractive forces of the positive ions is known as the 
work function @ of the metal. The work function depends upon the nature of 
the metal used. When light of sufficiently high frequency is incident on the metal, 
an amount © of the incident energy hv is used to liberate the electron, leaving an 
excess energy (/v— 0) which is given to the ejected electron in the form of kinetic 
energy ; if the electron does not lose energy by internal collisions, as it escapes 
from the metal, it will exhibit it all as kinetic energy after it emerges. Thus 
dmv? maz represents the maximum K.E. that the photoelectrons can have outside 
the surface ; in nearly all cases it will have less energy than this because of 
internal losses. The maximum Kinetic energy dmv*maz of the photo-electrons 
is thus, according to Einstien's theory, 

Jimv*maz—hY — 00 
The above equation is called Einstein’s photo-electric equation. 

It is noteworthy that when classical wave theory of light failed to-explain 
satisfactorily all the characteristics of photo-electric phenomenon mentioned in 
art 3.2, Einstein applied his equation for the purpose. His explanation was as 
follows : 

(i Since Wp is a constant for a particular metal, it is clear from the above 
equation that velocity (v) or the K. E. (mv?) of the photo-electrons on emergence 
is proportional to the frequency v of the incident light. 

(ii) If the frequency Y of the incident photon be gradually reduced, the 
K. E. of the photo-electron becomes less and less, reaching zero at a value vo (say) 
so that hv»=@p. Photoelectric emission is, therefore, not possible at any frequency 
lower than vy which is called the threshold frequency of the metal. 

Gii) The initial K. E. or the velocity of the photoelectrons should not 
depend upon the intensity of the incident light because according to the quantum 
theory increase of intensity of light means increase of the number of photons. 1f 
the frequency v remains unchanged, the energy (hv) of each photon remains un- 
changed and hence the initial velocity or K. E. of the photo-electrons also remains 
unchanged. But increase in the number of photons will cause an increase in the 
number of ejected electrons which means the photo-electric current will increase. 
The experimental results corroborate it. 
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(iv) In the above equation, the collision between a photon and an electron 
is regarded as an elastic collision and as such the transference of energy is instan- 
taneous. So, there should not be any time-lag between the incidence of photon 
and the emergence of photo-electrons. 

Example 1: Ultra-violet light of wavelength 30004 is incident an a metal 
surface whose work function is 2:28. electron-volt. What will be the maximum 
velocity with which electrons are ejected from the surface ? m=9'1 x 10-88 gm. ; 
h=6:56 x107?" erg-sec. ; 1 eV-—61x107* erg. 

Ans. The maximum energy of the photo-electrons is given by, 

dmv*mas —hy —0o- 
Here work function @=2'28 eV —2:28 x 1:61 102? erg —3:67 x 107? erg. 
Metales 3x10!9 
X 3000x107* 
Hence, 1mv*5oz—6:56 X 10-2? x 1015 —3:67 x 10712—(6:56 —3:67) x 10? ergs. 
: 72:89 x 1077? ergs. 


=10'5 [L4*—10-? cm] 


2% 2:89 10719 - ig 
V*maz — 9-15 10-88 —64 x 10" (nearly) 


Or Uma; —8 X 10" cm.[sec (approx.) 


Example 2 : The photoelectric threshold wavelength for a metal is 3000A°. 
What is the maximum energy, in eV, of the ejected photoelectrons when light of 
wavelength 1000A° falls on the metal.? h=6°55 X10-*" erg-sec ; 1 eV=1°61 x 101? 
erg. 

Ans. If v, be the threshold frequency, then @g=/Ayo. In that case, 

Tof 
Emac=hv—hyvo =i vo he (e A 
Now, c—3 x 10!? cm/sec ; 2.1000 x 10-8=10-5 cm; 493000 x 1075 —3 x 1075 cm. 
Lid Er T 1 
Hence, Emar =6'55X 1077 X 3x os c $23) 
26:55x 10-2 x 3x 1019 x 105x ($—3). 
—6:55 X 107? x 3x 101? x 105 x 2 
—13:1 x 1077? erg. 
TS UG 10s ies 
cess Gs 


Example 3: Cesium has a work function of 1'9 electron volts. Find the 
maximum energy of the liberated electrons when the metal is illuminated by light of 
wave length 4510-5 cm. 1 eV=1'60 1072? erg; h=6°56 x 10-* erg. sec. 


Ans. Maximum energy, Emaz=hy—@ 
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Hence Emaz==6°56 x 107? x 66x 1012-—1:9 x L6x 1071? 
—432x 10712—3:04 x 1071? 
1°28 x 1071? erg. 


1:28x 10-1? 
= Cep 708 eM 


Example 4: Photo electrons are emitted by sodium when ultra violet light of 
wavelength 3x 10-5 metre falls on the surface. Calculate: the velocity of photo- 
electrons assuming the work function of sodium to be negligibly small. Mass of 
electron —9:1 x 10-9: kg ; Planck's constant=6'6 x 10-9* joule-sec. 

U.S.C. Exam. 1978] 


Ans. Since work function. of sodium is negligible, we have from Einstein's 


; c 2he 
equation. 3mv*—hv—h- or v—W — 
2 i X Vz 


Here, h=6'6 x 10-3% joule-sec ; c—3x109 mjs; X—3x107* m; 
m=9'1 x 107?! kg. 


DEREN: SRE E 

H T 8 

3 n= 2X6 6X10-9x3X10* 3.9 198 mls 
3x10-5x9:1x10 * 

[Note that the above sum has been given in M.K.S. system.] 


Exercises 


Essay type : 
1. What is photo-electric effect ? How was it discovered ? 
2. Mention the salient features in connection with photo-electric effect. Describe suitable 
experiments to demonstrate them. 
3. How many photo-clectric cells are there ? Write, in brief, their description and uses. 
4. Write what you know about the quantum theory. What do you understand by Planck's 
constant ? 
5. State how the basic facts of the photo-electric eflect may be explained with the help 
of Quantum theory. [H. S. Exam. 1978] 
6. Explain Einstein's equation in connection with photo-electricity. What do you mean 
by photo-electric work function ? 
7. What is photo-electricity ?-How did Einstein explain the photo-electric emission ? 
[H. S. Exam. 1984] 
Short answer type : 
8. What are stopping potential and threshold frequency ? 
9, In connection with photo-electricity, draw graphs between the following quantities : 
(a) Photo-electric current and intensity of light (b) the maximum kinetic energy of the ejected 
electrons and the frequency of the incident light (c) the maximum energy of the ejected electrons 
and the intensity of light used. 
40, On what factor does the photo-electric threshold frequency of a metal depend ? 
11. Two metal plates are sealed into an evacuated glass bulb. Utra violet light is made to 
fall on a plate which is given à positive potential with respect to the other plate. Will there be 
any current available ? 
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12. What do you mean by threshold frequency and work function ? What is the relation 
between them ? [H. S. Exam. 1987] 

13. In the photo-electric effect, why does the existence of a threshold frequency speak in 
favour of the quantum theory and against the wave theory ? 

14. A radiation of feeble intensity but of high frequency can liberate an electron from a 
metal surface but a radiation of high intensity but low frequency can not do so. Why ? 

15.. When light is incident on a meatal plate electrons are emitted only when the frequency 
of the light exceeds a certain value. How has this been explained ? 

16. The energy required to remove an electron from sodium is 2:3 ev. Does sodium show 
a photo-electric effect for orange light whose ,—6800A? ? — [Hints : No.] 

17. Einstein's equation for the emission of photo-electrons from a metal due to radiation 
of frequency v is /— Jmv*-- wo where m is the mass of electron, v is the maximum speed with 
which an electron can leave the metal and wọ is a constant. (a) What does this equation imply 
as to the nature of light ? (b) What is the constant wọ and how it is interpreted ? (c) What 
does this equation suggest regarding the minimum value of v which is capable of ejecting 
electrons ? 


Objective type : 
18. Mark the correct answer in the following questions :— 


(a) What is the nature of the particles that are ejected from a metal surface when ultraviolet 
light falls on it ? Ans. Positively charged protons ; neutral particles ; negatively charged 
electrons. 


(b) Upon what does the energy of the liberated particles depend when ultravolet light 


falis on a metal plate ? Ans, intensity of light ; frequency of light ; mass of the particles. 


(©) Which theory of light does the photoelectric phenomena support ? Ans. Wave 
theory ; Corpuscular theory ; Quantum theory. 

(d) Every metal has a minimum frequency less than which it is not capable of ejecting any 
photo-electrons. What is that frequency called ? Ans. Threshold frequency ; Stopping frequency. 


(e) The maximum K.E. of electrons emitted in photo-electric effect is linearly dependent 
on .. ofthe incident radition. Fill up the blank. U. I. T. 1984] 


Numerical problems : 
— an 


19. The work function of molybdenum is 4-2 volt. What will be the maximum velocity 
of the liberated electrons when light of wave length 10- cm. falls on it ? h—6:62x 107?! erg. 
sec ; e—4:8 1071? e.s.u. ; m=9'12x 10725 gm. [Ans. 17X10* cm./s (approx)] 

20. Light of wave length 2000 4? falls on an aluminium surface. In aluminium 4.2 ev are 
required to remove an electron. What is the K.E. of (i) the fastest and (ii) the slowest emitted 
photo-electrons ? (iii) what is the stopping potential ? (iv) what is the threshold wavelength 
for alluminium 7 [Ans. (i) 2 ev (ii) zero (iii) 2 volts (iv) 3000 A} 

` 21. The threshold wave length of a metal is 4000A°. What is the maximum energy of 
the liberated electrons when light of wave length 2000A° is incident on it ? 1 eV=1.6X 107? erg. 
[Ans. 3.1 eV] 

22. In an experiment using light of wave length 4x 1075 cm., the maximum electron energy 
was observed to be 1:4 107? joule. With light of wavelength 3 x 1075 cm., the maximum energy 
was 3:06 x 107? joule... Derive a value fcr the Planck's constant. 

[Ans. 6°64 x 107?" erg. sec] 

23. A metal has the value of photo-electiic werk function— 1:32. electron-volt. What is 

the longest wave length that can cause photo-electric emission from the metal surface ? Elec- 
tronic charge —4:8 x 107? e,s,u. ; Plank's constant —6:6 x 10-27 erg. sec. 

Ut. Entrance 1984) {Ans.. 9.4x 1075 cm} 
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24. Cesium has photo-electric work function of 1.9 electron volt. What is the minimum 
frequency of light that can cause photo-electric emission from cesium ? e=4,8x 1077? e,s.u. ; 
h=6.6X 107% erg. sec. [Ans. 45x10! (nearly)] 


25. Photo-electric threshold wave length of tungsten is 2300A°. What will be the maximum 
kinetic energy of photo-electron if light of wave length 1800A° is incident on tungsten ? lev= 
1.6x 107? erg and /1— 6.6 x 107?" erg. sec. [Ans. 1:49 ev] 


[Hints + imma =w= -4 MAS 
Lu " 


26. A 1adiation of frequency 5x10“ Hz liberates electrons from a metal surface with 
energy 2.31 X 107? joule. What will be the wave length of ultra-viclet light required to emit 
photo electrons from the metal surface with energy 8.93 x 107° joule? h=6.62 x 107?! joule-sec ; 
€—3x 108 m/s. [Ans. 2x107 m] 

27. Ultra violet light of wavelength 800A° and 700A? when allowed to fall on hydrogen 
atoms in their ground state is found to liberate electrons with K.E. 1.8 ev and 4.0 ev respectively. 
Find the value of Planck's constant. [LLT, 1986] [Ans. 6.27» 107*' erg. sec] 


Hints : —E,=h ENA: 
(Hints: E, er ( i) 


28. (a) A metalic surface when illuminated with light of ,—3333A?* emits electrons with 
energies upto 0.6 ev ; when illuminated with light of),—2400A^, it emits electrons upto 2.04 ev. 
Calculate the Planck's constant and the work function of the metal. 

[Ans. 6.58x107?' erg-sec ; 3.1 ev] 

(b) A metal sheet (threshold frequency—1.5:x 1075) is given a negative charge of 

96 ¢.s.u. How many photons of ultra violet light are requared to completely discharged the 

sheet ? What is the minimum amount of energy that must be absorbed in oder to effect this 

discharge ? e=48 X107! e.s.u,, h=6'625 x 107?" ergs-sec. [Ans. 2x10% ; 1:99 ergs] 
[Hints ; To take out a charge of 4:8x 107? e,s.u., no of photon required—1] 


| 


4.1. Atomic structure of matter : 


Philosophers of ancient time were known to have expressed curiosity 
about the structure of matter. They gave various opinions about it. Kanad, 
the ancient Indian sage, was of opinion that matter consists of very small 
particles. As far back as the 6th century B.C. the greek philosophers opined 
that matter is composed of discrete, discontinuous and tiny particles. The 
word ‘atomos’ according to Greek vocabulary, means. indivisible. Hence 
they called the tiny particles of matter ‘atoms’. But these are all conjectures 
of ancient people—not substantiated by actual experimentation. They did nothing 
more and left the idea vague. In the early part of the nineteenth century, a noted 
English chemist, John Dalton, first developed a scientific theory regarding the 
structure of matter, partly, from the ancient, guess-work,and partly from some 
modern experimental results. It is known as Dalton’s atomic theory. According 
to this theory, every substance is composed of very minute, indivisible particles, 
known as atoms. 


Till the end of nineteenth century, scientists believed that atom is the 
smallest, indivisible state of matter, that atoms cannot be subdivided and that two 
or more atoms combining together produce a molecule and two or more molecules 
produce a piece of matter. But during the last decade of the nineteenth century, 
Sir J. J. Thomson, Crookes, Lenard and others carried out some experiments with 
electric discharge through gases at low pressure and discovered a particle which 
is about 1835 times lighter than the atom of the lighest element hydrogen. It, at 
once indicated that the ideas of scientists about the atom being the smallest and 
indivisible particle are not correct. Atoms are divisible and still smaller particles 
may be available by breaking up an atom. The most significant characteristic of these 
tiny particles are : (i) they are charged with negative electricity and (ii) they are 
alike—i.e. from whatever atoms they are collected, they have identical mass, 
diameter and electrical charge etc. These particles came to be called electrons. 
If electrons are collected from hydrogen atom, oxygen atom, chlorine atom or 
from any compound, they will be identical in all respects. Since electron enters 
into the constitution of all atoms, it is considered by the scientists as a fundamental 
particle in the structure of matter. 


If a complete atom obtained either from an element or from any other 
substance be examined in respect of its electrical charge, it will be found to have 
no charge, either positive or negative ; a complete atom is always neutral but the 
electrons obtained from an atom show negative charge. It means that in an atom 
equal amount of positive charge must be present somewhere—otherwise how can 
an atom be electrically neutral ? How and where does this positive charge exist 
in an atom ? The answer to this question came first from the celebrated physicist 
Sir J. J. Thomson who proposed a model of atom, known as Thomson's model of 
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atom. According to this model, the atom was supposed to be a sphere filled with 
positively charged matter of uniform density in which just sufficient number of 
electrons were embedded to balance the positive 
charge [Fig. 4.1]. Since the electrons embedded 
within the positive charge resembles the plums in 
a,pudding, the atom model is sometimes referred 
to plum-pudding model. The electrons were further 
supposed to possess vibratory motion about their 
equilibrium position so as to account for the 
emission of light. When no light was being emitted, 
the electrons were supposed to be at rest. In 1906, Fig. 4.1 

Lord Rutherford, the eminent British physicist performed some experiments from 
which it became apparent that Thomson’s atomic model was not tenable. 


In this experiment Rutherford was observing the course of fast alpha particles 
which were directed towards a thin sheet of gold. Alpha particles are a kind 
of positively charged particles emitted by a radioactive substance, having mass 
about seven thousand and a half times greater than that of an electron. Gold 
foils can be obtained very thin and the foil with which Rutherford was experiment- 
ing, was only 10-4 cm. thick. Rutherford noticed that the particles passed easily 
through the gold foil without making holes in it as a bullet might. This led him 
to suspect that, quite possibily, there was sufficient space in atoms through which 
the alpha particles went right through rather than pushing atoms out of 
the way. 


Rutherford also noticed something else which was even more significant. 
He found that some of the alpha particles were deflected more than 90° from 
their straight line paths as they went through the foil [fig. 4.2. Rutherford’s 
brilliant mind thought it highly probable that this was caused by the electric 


© KCPARTICLES 
4 C * GOLD 
NUCLEUS 
GOLD ATOM 


Fig. 4.2 


Electrons 


repulsion between the positive charge of gold atom and positive charge of alpha 
particles. Later on, he, along with Geiger and Marsden, carried out a series of 
experiments on the scattering of alpha particles by thin foils. 

These experimental findings could not be accounted for on the basis of 
Thomson atom model which supposed that the positive charge of the atom was 
evenly distributed through it. Rutherford next made a new set of calculations on 
the assumption that all positive charge of an atom is concentrated ina tiny nucleus 
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at the centre. The idea behind this approach to the problem was that the force of 
repulsion and consequent deflection of an alpha particle would depend on how close 
it came near a nucleus. The closer the alpha particle comes to the nucleus, greater 
becomes the repulsive force and hence the deflection. Using Coulomb’s inverse 
square law, Rutherford worked out a formula giving the number of alpha particles 
which ought to be scattered in a particular direction. Gieger and Marsden verified 


KOY 
Fig. 4.3 


the formula experimentally in 1911. In this way, the truth of Rutherford’s 
assumption that the positive charge of an atom is concentrated in a small nucleus 
at its centre was verified. He said that the structure of an atom is like the struc- 
ture of solar system. The solar system consists of a central sun with planets 
revolving round it in their respective orbits. Atom is very similar to this ; it has 
a central nucleus with electrons revolving round it in their respective orbits 
[fig. 4.3]. 

Rutherford's experiment showed that a very few of the alpha particles were 
deflected through large angles ; most of the particles went straight through the 
foil without any deviation. This shows that the positive charge of an atom is 
concentrated in a mere speck whose diameter was experimentally found to be 
about 10,000 times less than that of the atom. It is obvious, therefore, that an 
atom contains far more empty space than solid matter. 


The model so conceived by Rutherford in respect of the structure of an atom 
—known as Rutherford model of atom—consists of two parts (i) one internal, 
known as nucleus and (ii) the other external where one or more electrons exist. 
The volume occupied by the nucleus is negligibly small compared to the volume of 
the atom but almost whole of the mass of the atom is deposited in the nucleus. 


4.2. Introduction of Bohr's theory : 

Very soon some of the drawbacks of Rutherford model of atom came 
to limelight. According to Maxwell's electromagnetic theory it was known 
that a charged particle, in accelerated motion, always radiates electromagnetic 
radiation. Now, an electron, revolving round a nucleus, has always a radial 
acceleration directed towards the nucleus, due to which the electron will radiate 
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energy. This energy can only come from the atomic system which will, 
therefore, steadily lose energy. As a result the radius of the orbit of electron 
will gradually shrink and finally the electron will fall on the nucleus. Thus the 
orbital motion of the electron destroys the stability of the atom. Rutherford 
model of atom when judged according to the laws of classical physics, poses 
this formidable problem. The dilemma was solved in 1913 by Niels Bohr, the 
famous physicist of Denmark. 


To solve the problem of stability of the structure of atom and to explain the 
emission of discrete and definite line spectra, Bohr applied Plank's Quantum 
theory of radiation to Rutherford's atomic model and made the following assump- 
tions : 


G) That within the atom, an electron can revolve in closed orbits without 
radiating any energy. This orbital rotation without radiation of energy follows the 
classical mechanics as well as the laws of electrostatics. 


(ii) That certain orbits are “permissible” i.e. the atom as a whole can exist 
only in certain definite states called stationary states. For the possible or the privi- 
leged orbits in which an electron can revolve without radiation of energy, the total 
angular momentum of the electron is an integral multiple of h/2x, where h is Planck’s 
constant. - 

(i) That when the electron in an excited state jumps from an outer orbit to 
an inner orbit of less energy, then alone it radiates a definite amount of energy hv. 

According to Bohr's first assumption, the electrons cannot revolve in all 
possible orbits round the nucleus as suggested by the classical theory, but only in 
certain definite orbits, known as privileged orbits: These orbits are such that as 
long as an electron revolves in any one of these privileged orbits, it will not radiate 
any energy, although its motion is governed by the ordinary laws of mechanics 
and electrostatics. In the realm of atoms, hydrogen atom is the simplest, having 
one proton in the nucleus and one orbiting electron. 

According to the second assumption, the privileged orbits along which 
electrons can revolve without radiation of energy, are those in which the angular 
momenta of the electrons are integral multiples of 
a constant quantity. In other words, if r be the 
radius of a privileged orbit, v be the orbital velocity 
of the electron in that orbit and m the mass of the 
electron (Fig. 4.4), then according the Bohr’s second 


v = ELECTRON 


postulate mor=ns where A-is Planck’s constant. 
T 


Putting n=1, 2, 3, etc., we may get the radii of different 
privileged orbits. Applying this condition, if we Fig. 4.4 
calculate the energy of electrons in different privileged orbits, we will see that 
these energies are also of discrete values. 

In his theory Bohr assumed that the electrons in an atom may be excited 
by supplying energy from some external source. At ordinary temperatures, the 
electrons remain in their normal orbits and the atom is said to be in its lowest 


594 A TEXT BOOK OF PHYSICS 


energy state of ground state. If an atom absorbs energy from some external 
source, then one or more of the electrons may jump from one orbit into a higher 


one. In this condition, the atom is said to be excited but its stay in an excited 
condition is momentary. The disturbed electrons, soon jump back into lower 
orbits and in so doing they emit energy in the form of a electromagnetic wave 
pulse called a photon. According to the wave length of the emitted photon, the 
radiation may be visible light, ultraviolet light or even X-rays. According to 
Bohr's third postulate, the frequency v of the absorbed or emitted radiation may 
be obtained from the relation, E,—E,=/., where E, and E, are respectively the 
total energy of the electron in the two orbits and h, the Planck’s constant. 


Bohr showed that in the case of hydrogen atoms, if the electron jumps from 
an orbit of quantum number n to another of quantum number 71 of less energy. 
the radiation will have an energy given by,* 

2n*met/ Y 1 
E, —E;=hr= z (7a Fa 
ze h? es 3) 
If the wavelength of the radiation emitted be X, then "T 
| 2x*me Lid ) 
A ch? Wu? nè 


where m and e are the mass and charge of an electron. 


(i) 


From eqn (i), we can explain the origin of spectral lines of hydrogen. 

Before Bhor proposed his theory of hydrogen spectrum, it had been found 
that wavelengths of hydrogen spectrum could be arranged in the form of different 
series, named after their discoverers. Among them were : 


9 ond tvog 
]. Lyman series E =Ru (i = A 


5 1 d, 
9. Balmer series vin (s- 5) 


a. cab Pio 
. Pasch l- MGE 
3. Paschen series >> a(S, L) 


where Ru is a constant, known as Rydberg constant and n is an integer. From 

Bohr's formula in eqn (i) it follows that all the spectral series can be obtained by 

putting n=l, 2, 3 respectively and nı=n. Further (a) the agreement between the 

experimental and theoretical values of the wavelengths is excellent and (b) Rydberg’s 

constant determined experimentally agrees with the value obtained from Bohr's 
2x*me* 

theory (R= E) 


Thus Bohr-Rutherford model of atom explains very satisfactorily the origin 
of line spectra of hydrogen & hydrogen like atoms and many other allied pheno- 
mena. The theory, as a consequence, came to be accepted by all very soon. 


* See Appendix 1 
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[t is to be noted that although hydrogen atom has only one electron, its 
spectrum when suitably excited, shows many lines instead of one. What is the 
reason ? It should be remembered that when we excite some quantity of hydrogen 
gas, millions of atoms are excited. But all these atoms do not absorb equal 
quantity of energy from the source of excitement. Electrons of these atoms move 
to different energised orbits according to, the energy absorbed and radiate 
different quantities of energy when they return to their normal orbits. For this 
reason, the spectrum of hydrogen exhibits many lines. 


Example 1: Find the radius of first Bohr orbit of hydrogen atom. Given 
h=6:63 x 10-2" erg-sec; mass of electron —9:1 x 10-*8 gm; charge —4'8 x 107^ e.s.u. 
, à nih? : 
Ans. The radius of nth orbit rn — imez [See Appendix 1] 
For H;, z=1 and for Ist orbit n=l; 
ae (1)? x (6°63 x 10-7)? 
1 4X (314)? x91 Xx 10-25 x (4:8 x 10719)? 
Example 2: The energy of an electron revolving in the first Bohr orbit of 


hydrogen atom is —13:6 eV. What will be the energy of the photon emitted when 
there is the transition of an electron from the second to the first Bohr orbit of the 


=0°53 x 10-8 em. (nearly) 


atom ? [H. S. Exam 1983] 
Ans. From Bohr's theory we know, the difference of energy between n 
2 
orbit and ng orbit is given by a B [For He, z=!) 


If n= and m=! ie. if transition takes place from an orbit at infinite 
3 S 2m mel 1 |o Q2nme* 
distance to the Ist orbit, E o —E, es) or Ey 


C Eq =9) 
i ; 
According to the problem E,— —13:6 ev. So, misé ev. 


Now if transition takes place from 2nd to Ist orbit 
2n*met/1 1 
r (aa)! 6x2=102 ev 


So, the energy of the photon emitted =10°2 ev. 


E,—E,— 


Example3: An electron of energy 20 ev comes into collision with a hydrogen 
atom in its ground state. The atom is excited into a state of higher internal energy 
and the electron is scattered with a reduced velocity. The atom subsequently returns 
to its ground state with the emission of a photon of wavelength] 1:216 x 107? metre. 
Determine the velocity of the scattered electron. Given h=6°625 x 107** joule-sec ; 
m=9'1 x 10-78 gm ; c=3x 108 m/s and le.y.=1°6X 1071? erg. 


$ -he 6625X 07x 3x 10. 
Ans, The energy of the radiated photon EU C ST joule 
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6625 107-4 X3X 10° x 107 erg. 
1:216 1077 
| 6625X 10-913:3 x 105 X 10* m 
= (216x107 x 6x 107* i 
—10:22 e.v. 
Hence the K.E. of the scattered electron 
—20—10:22—9'88 ev. 
—9:88 x 1:6 x 107? erg. 
If v be the velocity of the scattered electron, then 
d.mv*—9:88 % 16x 10-7? 
or 4X91 10-28,y2=9'88 x 1'6 X 1071? 
, 2Xx9:88x 16x 107? 
9:1 x 107?5 
or v=1'86 x 108 cm/sec. 


Example 4: 4 single electron orbits round a stationary nucleus of charge 
-+ze. where zisa constant and e is the magnitude of electronic charge. Tt requires 
47-2 ev to excite the electron from the-2nd Bohr orbit to the 3rd. Find (i) the value 
of z (ii) the energy required to excite the electron from the 3rd to the 4th orbit (iii) the 
radius of 1st Bohr orbit (iv) K. E. of the electron in the \st Bohr orbit. Given ionising 
energy of hydrogen atom=13'6 ev. ; Planck’s constant 66x 10-*" erg-sec. : 


m—9:1x10-?5 gm. ; e—48 x 1071? e.s.u. U.LT. 1981] 
2 2 
Ans. (i) From Bohr’s theory, we know, pee ae mez( | z) 
E Nn ong 
5 A 2 
or, AT2-—zX 136X35 [Ionising energy = e and 14—2 ; 33 


47:2 x 36 
| eT = Y = 
2— I3 =25(nearly) <. 2 5 


(ii) Energy reqd. to excite electron from 3rd to 4th orbit 


inen » 7 
VL) 295x136 = ev=16 
una) >” x qa v= 1652 eo. 


2 
(iii) Radius of Ist Bohr orbit ae back 
4x?me?z 
^ (66x 10-%)? aes 
4x Gy KIT 0-99 x (4&8 x 107103 x 5 HEURE 
(iv) K. E. of the electron in the Ist orbit 


r 5x (48x 109)? 
inv*-— ge og —0: -9 
E + eC 0:576 x 107? erg. 


43. Electron configuration in an atom : 


: The difference in the number of electrons in atoms attributes difference in 
physical and chemical properties of those atoms and this is why we see varieties 
of substances around us. But how are these electrons in an atom situated ? It 
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goes without saying that these electrons revolve in orbits defined by Bohr's condi- 
tion. One or more such orbits constitute an electron shell and Bohr named them 
as K, L, M, N etc. shells. The maximum number of electrons that a particular 
shell can contain is fixed. For example, the shell nearest to the nucleus—the K 
shell—can contain, at best, two electrons and not more than that. The next 
shell—the L shell—can contain 8 electrons, the M shell 18 electrons, etc. If a 
shell contains all the electrons that it can possibly contain, the shell is said to be 
complete or saturated. These numbers may appear haphazard at first sight but 
they are not so. If the shells are numbered as 1, 2, 3 etc. then the square of the 
number of any shell multiplied by 2 will give the greatest number of electrons that 
the shell can contain. 

The hydrogen atom is the simplest of all atoms ; it has only one electron. 
It goes without saying that this single electron of the hydrogen atom resides in the 
K-shell. Next comes the helium atom which has two electrons, The K-shell 
cannot hold more than 2 electrons. Hence, 2 electrons of helium atom revolve 
in the K-shell which, therefore, becomes complete. Next comes lithium atom 
having three electrons. Two of these electrons complete the K-shell and the third 
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goes to L-shell which can hold, as we have seen earlier, 8 electrons in the maximum. 
In this way, if we come to neon atom, we find that it has 10 electrons. Out of 
these 10 electrons, two £o to complete the K-shell and the remaining 8 electrons 
go to complete the L-shell. So, the first two shells of the neon atom are complete 
just as the first shell of the helium atom is. Next comes sodium atom (11 
electrons) which requires M shell to provide position for its electrons 
(fig. 4.5). 

It may be mentioned in this connection that chemical properties of an atom 
are mainly determined by the electrons in the outermost orbit of it. These elec- 
trons are known as ‘valence electrons. We have seen that the atoms of gaseous 
elements like helium, neon, argon etc. have respectively their K-shell, L-shell, M- 
shell complete. There is no vacancy in those shells which means that these atoms 
have no valence electrons. Curiously enough, their chemical properties are also 
similar—each one of them is an inert gas. Again, atoms of lithium, sodium, 
potassium etc. have one valence electron each and the valence electrons of these 
elements reside respectively in K, L, M shells, There is also striking similarity 


in their chemical properties, 
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44. Structure of the nucleus : 

One of the important parts of the atomic model conceived by Rutherford 
is the positively charged nucleus. It contains almost the whole mass of the 
atom and is a tightly packed concentrated mass, occupying a very small volume 
. of the atom. One or more electrons of the atom move round the nucleus in 
different shells in their own orbits. But the question is : what is the structure 
of this significant part of the atom ? 

The simplest of all atoms—the hydrogen atom—is found to have only one 
electron. Its nucleus, therefore, should have positive charge equal in amount to 
the negative charge of an electron because a complete atom is always electrically 
neutral, . This nucleus of hydrogen atom came to be known as proton. Like 
electron, proton is also a fundamental particle in the structure of matter. It was, 
therefore, told at first that the nucleus is composed of protons only and because a 
complete atom is always electrically neutral, the number of electrons in the atom 
is equal to the number of protons in the nucleus. 


But this structure of nucleus is not without defects. Very soon its short- 
comings came in the forefront. A discussion of the structure of atoms of different 
elements will make it clear. After the simplest element hydrogen, comes the inert 
gas helium whose atom is four times heavier than a hydrogen atom. So, a helium 
atom should contain four protons in its nucleus. On the other hand, from various 
experiments, it came to be known that'a helium atom contains two extranuclear 
electrons. How will the charges of two extra protons be balanced ? This dis- 
crepency became more and more acute in the heavier elements. For example, 
the nucleus of a carbon atom should have 12 protons while only 6 electrons exist 
outside the nucleus. Thus, charges of 6 protons remain unbalanced. The 
heaviest element uranium should have 238 protons in the nucleus, while only 92 
electrons revolve round the nucleus. So, charges of (238—92)—146 protons 
are yet to be balanced. In all these cases, in order to balance the charges of extra 
protons and to give a complete atom a neutral character, the scientists agreed to 
accept the existence of requisite number of electrons im the nucleus. Thus, the 
nucleus of helium atom, according to the new conception, contains 2 electrons, 
carbon atom 6 electrons, uranium atom 146 electrons and so on. Electrons, being 
exceedingly small in mass, will not contribute, by their presence, anything to the 
mass of the nucleus and hence to the mass of an atom but will give an atom its 
much-needed neutral character. So, the structure of the nucleus now stands as 
follows : it is composed of electrons and protons but in the case of hydrogen 
only the nucleus does not contain any electron ; it is composed of a proton only. 

. But this model, too did not last long. A number of serious difficulties 
cropped up. Finally, after the discovery of stable isotopes, it appeared almost 
certain that electrons cannot exist inside the nucleus for the following reasons. 
Substances with identical chemical properties but different atomic masses are 
ealled isotopes. This meant that they had to be placed in the same position in 
the periodic table and for this reason, the substances are called ‘isotopes’, a word 
derived from the greek and means occupying the same place. Identity of 
chemical properties between an element and its isotopes necessarily means that 
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their atoms have equal number of extra nuclear electrons because these electrons 
are responsible for the chemical behaviours of an atom. Consequently, these 
atoms should have an equal number of protons, too. How then, can we account 
for the difference in their atomic weights ? Besides, some other important 
factors, like nuclear spin, magnetic moment etc. go against the hypothesis that 
electrons exist inside the nucleus. 


The dilemma was solved in 1932, when another fundamental particle was 
discovered by Prof. James Chadwick who gave the name neutron to this new 
particle. Neutron is a neutral particle having mass almost same as that of a 
proton. Immediately after ‘the discovery of neutron, scientists generally 
accepted the proton-neutron theory of the structure of the nucleus and rejected 
the proton-electron theory. According to this theory, the number of extra- 
nuclear electrons is equal to the number of protons in the nucleus and the extra 
electrons in the nucleus according to the proton-electron theory are to be replaced 
by an equal number of neutrons. Thus, in an atom of helium, there are 2 extra- 
nuclear electrons revolving round the nucleus which is composed of 2 protons 


O ELECTRON 
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Fig. 4.6 
and 2 neutrons. In lithium atom, there are 3 protons and 4 neutrons in the nucleus 
and 3 electrons outside (fig. 4.6), in a carbon atom, there are 6 extra-nuclear 
electrons and 6 protons and 6 neutrons in the nucleus, in uranium atom, 92 elec- 
trons outside the nucleus and 92 protons together with (238 —92)=146 neutrons 
in the nucleus. Only hydrogen atom does not contain neutron. Regarding the 
structure of isotopic nuclei, it is told that the atoms of isotopes contain the same 
number of protons but different number of neutrons in their nuclei. Different 
number of neutrons in the nucleus would give different atomic weight but because 
of identical number of protons and hence of electrons, their chemical properties 
will precisely be the same. For example, in the case of neon isotopes of atomic 
masses 20 and 22, each atom of the isotopes will have 10 electrons and 10 protons 
but in the nucleus of the first, the number of neutron is 10 while in the second, 
is 12. ) 

e Bevor all other difficulties that cropped up in connection with electron- 
proton theory, the newly proposed proton-neutron theory thus came to be 
accepted unanimously as the structure of atomic nuclei. 


4.5. Nuclear Forces : ; 
Having understood the structure of nucleus, question may now be raised 
as to why the protons and neutrons are held bound tightly in a nucleus ? 


Ph. 1—34 
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Protons, we know, carry positive charge and according to the laws of the 
electrostatics, there ought to be forces of repulsion (Coulomb's law) among 
the protons ; Neutrons on the other hand, are not charged particles and hence 
there is no such electrical forces acting among the neutrons. Nor there can be 
any Coulombian force between a proton and a neutron. Only other force that 
is possible is the force of gravitation between neutrons and protons. But nuclear 
forces can not be due to gravitational reason only because the gravitational forces 
acting inside the nucleus is too feeble to account for the powerful attractive forces 
between nucleons. It is, therefore, suggested that the attractive forces which 
operate among the nucleons are of a new type having no similarity with the 
ordinary forces that we see around us. These attractive forces are called. nuclear 
forces. 

We shall now try to investigate into some of the characteristics of this entirely 
new type of force. Electrostatic forces of attraction or repulsion operate between 
any pair of charges and varies inversely as the square of the distance between the 
charges, whatever may the distance be—small or large. But the nuclear forces which 
hold the nucleons together exist only between the neighbouring protons and neu- 
trons in a nucleus which are separated by an extremely small distance (10-1? cm). 
It is clear therefore that the nuclear forces are short-range forces existing between 
two nucleons separated by a very short distance of the order of 107? cm. 

This short range forces are of three types viz (i) the attractive force between 
a proton and a neutron (called p-n force) (ii) the attractive force between a pair 
of protons (called p-p force) (iii) the attractive force between a pair of neutrons 
(called n-n force). It is to be noted that a pair of protons also exerts an electro- 
static force of repulsion between them but this force of repulsion is very weak 
compared to the strong nuclear attractive force. Experiments have shown that 
(p—p), (p—n) and (n—n) forces are approximately equal. This is referred 
to as charge independent character of nuclear force. 

According to H. Yukawa, the Japanese Nobel Laureate, the short range 
attractive forces among the nucleons arise due to the exchange of meson between 
protons and neutrons in a nucleus. 


4.6. Mass number and atomic number : 


Atoms being exceedingly small and light, their weights are determined in 
comparison with the atom of a particular element as a standard. Originally the 
mass of hydrogen atom was taken as the standard but since 1961 it has been 
agreed to use 1/12 th of the mass of the most commonly occurring isotope of 
carbon as the standard. According to this standard, the atomic weight (as a 
matter of fact, it should be atomic mass) of hydrogen is 1.00813, that of helium 
4.00387; that of aluminium 26.99014 etc. This means that an atom of hydrogen 
is about 12 times heavier than a carbon atom. Similarly, a helium atom 
is 4, or § times and an aluminium atom about 73 times heavier than a 
carbon atom. 


Now, the mass number of an atom denotes the integer nearest to the value 
of the atomic mass of that atom, Thus, the mass number of hydrogen atom is 1, 
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that of helium 4, of aluminium 27 etc. The mass number also represents the total 
number of protons and neutrons in the nucleus of an atom. For example, the 
mass number of helium is 4 but the helium nucleus is composed of two protons 
and two neutrons i.e. of 4 particles. In the same way, the nucleus of aluminium 
atom contains 27 particles, carbon atom 12, uranium atom 238 etc. Ordinarily, 
the mass number is denoted by the letter A. So, we can write, 


A=number of protons-|-neutrons in the nucleus. 


On the other hand, the atomic number of an atom denotes the number of 
electrons outside the nucleus of a neutral atom. It has got another important 
significance. Long ago, the celebrated Russian chemist Mendeleev showed that 
if chemical elements are arranged in order of their atomic masses, they show a 
regularly occurring sequence in their chemical properties. Such an arrangement 
is known as periodic table. Interestingly enough, the atomic number of an element 
coincides with its position in the periodic table. For example, the first position 
in the periodic table is occupied by hydrogen whose atomic number is 1. In the 
second position, comes helium and its atomic number is 2. In this way, the 
heaviest element uranium occupies 92 th position in the periodic table while its 
atomic number is 92. a 

Ordinarily the letter Z represents the atomic number. So, we can say, 
Z=the number of electrons outside the nucleus in an atom. 


Since the number of protons in the nucleus equals the number of electrons 
outside the nucleus, it may also be said that Z=the number of protons in the nucleus 
of an atom. From this, we can also say that, 

A—Z —the number of neutrons in the nucleus of an atom. 


So, it is seen that if the mass number and the atomic number of an element 
are known, we can form an idea about the atomic structure of that element. 

The notation usually adopted to designate a given atom is zX^, where X 
stands for the chemical symbol of the element to which the atom belongs, A the 
mass number and Z the atomic number of the element. For example, 1,01%, 
19Ne?^, 341°? etc. In these, CI represents chlorine atom which has 17 electrons, 
17 protons and (35—17)=18 neutrons. Likewise, A/ stands for aluminium atom 
and it has 13 electrons, 13 protons and (27—13)—14 neutrons. 


Semi-Conductors 


4.7. Conductor, insulator and semi-conductors : 


Substances through which electricity can pass easily are called conductors. 
Metals like copper, silver, gold, aluminium etc. are good conductors of electricity. 
Substances through which electricity cannot pass easily are called insulators. 
Quartz, mica, sulphur, ebonite etc. are the examples of insulators. The 
conducting or the non-conducting property of substances can be explained on 
the basis of electronic structure of matter. 

The crystalline structure of the common highly conducting metals as men- 
tioned above is such that the outermost valence clectrons of their atoms can easily 
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move to the neighbouring atoms and can fill up the vacancies in their outer most 
shells. -The valence electrons are therefore free to wander through the substance. 
The complete inner shells of electrons are, however, bound to their individual 
mucleus. The valence electrons in incomplete shells by their free movement 
through the substance, conduct electricity and make the substance a good 
conductor. In contrast with good conductors, substances which are good insula- 
tors or good non-conductors, have practically no free electrons... All of the elec- 
trons in those substances remain bound to their respective atoms. 


There are, however, a large number of solids that are neither good conductors 
of electricity nor good insulators, Their conductivity lies between those of good 
conductors and good insulators. These substances are called semiconductors. 
In them, electrons are capable of being moved by the application of heat, strong 
‘light or strong electric field.. Researches are now being carried out with various 
semi-conductors—specially with germanium and silicon because with these semi- 
conductors transistors have been devised. Appearance of transistors has made 
a great stir in the field of radio-physics. The transistor was first discovered in 
1948 by three American. physicists of the Bell Telephone Laboratories—Bardeen, 
W. Shockley and W. Brattain and they were jointly awarded the Nobel prize: in 
physics in 1956. 


Motion of charge carriers in a semi-conductor : 


Silicon and germanium atoms each have four valence electrons. The 
-atomic pattern of atoms in silicon and germanium crystals is a tetrahedral structure 
such that each atom shares one of its electrons with each neighbour and the 
neighbour in turn shares one of its four with it. It is called co-valent bond. Since 
there is no free electrons in absolutely 
pure germanium, there can be no conduc- 
tion of electricity at low temperatures. 


energy of a valence electron may become 
greater than the energy binding: to. its 
nucleus. The bond is then broken. The 
electron leaves the atom and becomes a 
free electron. The free electron wanders 
pega the crystal.. Where an electron 
s broken free, a ‘hole’ has been created 
NUR " dion left of the fig. 4.7). Since that part of the crystal was 
neutral beforehand, it now lacks an electron and the vacant ‘hole’ i i 

to a net positive charge. LL. a 


Fig. 4.7 


, Due also to thermal agitation, a bound electron next to a hole can move 
across to fill the gap, the net motion of the negative charge from one bounded 
position to another being in effect equivalent to the motion of a hole in the opposite 
direction. Thus the holes move as if they were carriers with a positive charge-+e, 
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where e is the numerical value of the charge on an electron. This action has been 
shown at the lower part of the fig. 4.7. ; 

Increase of temperature of a semi-conductor crystal, therefore, increases the 
thermal energy of valence electron which may break the co-valent bond and may 
become a free electron. This produces greater number of electron-hole pair and 
hence greater number of charge carriers. Consequently conduction of electri- 
city through the crystal is facilitated. So, we can say that the resistance of a 
semiconductor crystal decreases with the rise of temperature. In this respect, 
a semi-conductor behaves exactly opposite to à pure metallic substance for, 
the resistance of a metallic substance, we know, increases with the rise of tempera- 
ture. By this behaviour, we can easily distinguish between a pure metal and a 
pure semi-conductor, It is to be remembered that whatever may be the tempera- 
ture, a pure semi-conductor always contains equal number of electrons and holes. 


4.8. N-type and P-type crystals : 

A pure or intrinsic semi-conductor has charge carriers which are thermally 
generated. These are relatively few in number. By ‘doping’ à semiconductor 
with a tiny amount of impurity, thus forming a so-called extrinsic semiconductor, 
considerable increase can be made to the number of charge carriers. Thus, 
both N-type and P-type crystals may be prepared by mixing suitable quantities 
of certain impurities with pure germanium. In N-type crystals, conduction of 
electricity is done by negative electrons only, while in P-type crystals, it is 
done by positive holes, The conductivity of these crystals is much more than 
that of pure semiconductors. 

N-type crystals ; To prepare N-type crystals, extremely small quantities 
of arsenic (one part in à million) are added to extremely pure germanium. Arsenic 
atoms have five valence electrons each and isi 
when an atom of arsenic is added to a germa- Ge Ge Ge 
nium crystal, the atom settles in a lattice site 
with four of its electrons shared with neigh- 
bouring germanium atoms [Fig. 4.8]. The 
fifth electron. may thus become free to 
wander. From the figure, it is seen. that 
each arsenic atom (As) donates one free 
electron to the system. For this reason 
arsenic here is known as a donor. With 
arsenic present in quantities of one to a 
million, there are about 10/9 donor atoms 2 Ge 
and 10!9 free electrons present per cubic 
centimetre. In a good conductor like 
copper, there are approximately 1023 free electrons per C.C. 

Now due to thermal agitation, when a few bound electrons are broken 
free, an equal number of holes are thereby created and the free electrons donated 
by the impurity rush to fill up the gaps. Since, in this case; the number of donor 
far exceeds the number of unbound electrons or holes, the conduction 


Ge 


Fig. 4.8 


electrons 
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of electricity is done mainly by the electrons. In this condition, the crystal is 
called an N-type crystal, N representing the negative charge on an electron. 


P-type crystals : 

If, on the other hand, germanium crystals are formed with aluminium as an 
impurity, we get a P-type crystal. Aluminium atoms have three valence elec- 
trons each and getting at a lattice site 
each aluminium atom attracts an elec- 
tron from a neighbouring atom, thereby 
completing the four valence bonds and 
creating a hole in the neighbouring 
atom. Such a crystal is therefore one in 
which each aluminium atom provides 
one hole to the system that is free to 
accept an electron (fig. 4.9). For this 
reason, aluminium here is known as an 
acceptor. By thermal agitation, some 
of the bound electrons are shaken loose 

Fig. 4.9 and an equal number of holes are 
produced. Since by far the majority of the charge carriers are holes and these 
act like positive charges, the conduction of electricity, in this case, is done mainly 
by the holes. In this condition, the crystal is called a P-type crystal, P representing 
the positive charge on a hole. 

It is to be noted that none of these crystals have a net charge. The surplus 
of free negative charges of the electrons in an N-type crystal and the positive 
charges of the holes in a P-type crystal are compensated for by the positive charges 
on the arsenic nuclei and the deficiency in positive nuclear charge of aluminium 
nuclei respectively. 


4.9. P-N junction or Diode : 


* When two semi-conductors of the P and N-type are brought into contact, 
they form what is called a P-N junction or diode. In a junction thus formed, 
electrons and holes are available as carrier of charges in the N and P-regions 
respectively of the semi-conductors. They 
are spoken of as majority carriers N m RP 
because in N-region, the donor electrons 
far outnumber the holes and in P-region, XY 
the acceptor holes far outnumber the 
electrons. - Each region is electrically 
neutral when the total charges of all the 
atoms are considered. If, now, a potential 
is applied with the help of a battery to 
make the» P-region positive (Fig. 4.10) Fig. 4.10 
there will be a flow current in the circuit. The reason is as follows. The 
holes in the P-region are repelled by the positive pole of the battery while the 
electrons in the N-region are also repelled by the negative pole of the battery. 


STRONG ELECTRON 
CURRENT 
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Hence both the holes and the electrons drift towards the junction. . The electrons 
jump across the junction to fill up the adjacent holes and at the same time, holes 
that migrate to the junction replenish the hole supply at the point. Hence a 
current flows in the circuit as long as the e.m.f. is applied. Under these 
conditions the junction is said to be biased in the forward direction, offering low 
resistanceto the passage of current, It is to be noted that when the junction 
is biased in the forward direction, holes are pulled from where there are lots of 
holes and electrons from where there are lots of electrons, with the result that a 
large current flows in the circuit. 

If, on the other hand, the P-region is made negative and the N-region 
positive, by reversing the direction of the applied e.m.f., both holes and electrons 
are attracted towards the respective terminals and away from the junction. Here, 
we are trying to pull holes from where there are only a few holes and electrons 
from where there are only a few electrons. As a result, the circuit current is very 
low and the junction appears to offer high resistance to the passage of current. 
In this condition, the junction is said to have a backward bias. 

Since the P-N junction is able to pass more current in one direction than in 
the other, like a diode rectifier, the junction may be said to have rectifying proper- 
ties. The junction diode has advantages over a diode valve ; for example, (i) it 
needs only a low voltage battery to function ; (ii) it does not need time to warm 
up ; (iii) it is less bulky and (iv) it is cheaper to manufacture in large numbers. 
For these reasons, the P-N junction is now-a-days widely used for: rectifying 
purposes. z 


4.10. Characteristic curve of a semi-conductor diode : 

It appears from the previous section that a forward bias applied to à P-N 
junction allows a large current to flow across the junction. If we apply various 
voltages—forward as well as backward—to the junction and measure current at 
each step, we shall get a curve as shown in fig. 4.11. 

The graph shows that a slight voltage applied in a particular direction allows 
a large current to flow but when applied in the reverse direction, the current is 
very feeble even when the voltage is increased appreciably. For this property, a 
P-N junction is used to rectify an alternating Curren? 
current. Experiments show that as little as | 


one to two volts forward bias permits current Zener 
Potential 


of about 20 to 100 milliamps which increases 
rapidly with increasing battery voltage. But 
in the case of reverse bias, the current grows 
to only a few micro-amperes. 


If, however, the reverse bias is made very d Backward Forward 
i Bias Bias 


high, the covalent bonds near the junction 
break down and a large number of electron- 
hole pairs will be liberated ; the reverse current 
then increases abruptly to a relatively large Fig. 4.11 

value as shown in fig. 4.11. This phenomenon is known as Zener effect and the 
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particular backward bias at which the reverse current abruptly increases is ‘known 
as Zener potential or Voltage. Zener effect is applied in voltage stabilisation. 


4.11. Semiconductor triode or Transistor : 

A transistor or a semiconductor triode is composed of three semiconductor 
elements, two of the N-type crystals and one of the P-type [Fig. 4.12(a)]. 
This combination is referred to as an N-P-N type transistor. We can also 


N P N P oN. P 
Emitter VÀ Collector Emitter 

Y 
Base 
(a) Fig. 412 (b) 


=l 
have a P-N-P. type transistor [Fig. 4.12(b)] composed of two P-type and one 
N-type crystals. The circuit connections are made as shown in the figure 


4.12(a) and (b). 
Current in a transistor : 


With the N-P-N type [Fig. 4.12(@)], when the diode formed by the left-hand 
N-P junction is biased in the forward direction by applying a small e.m.f. as shown 
in the figure, electrons from the N-layer readily travel towards the P-layer 
which is rich in holes. In this case, the N-layer emits electrons like a heated 
filament and hence it is called the emitter. The P-layer is called the base of the 
transistor. On entering the P-layer, some of the electrons go to fill up the holes, 
but most of them come under the influence of the positively biased N-layer of the 
right hand N-P junction which is connected to a battery of high voltage and are 
collected by it. For this reason, the right hand N-layer is called the collector of 
the transistor. Thus a current Ze, flows in the collector circuit. Since the hole- 
rich central P-layer is very thin (nearly 001^) only a few of the electrons go to fill 
up the holes and 95—99% of the emitted electrons reach the collector. The 
loss of electrons is balanced by electron flow in the base circuit so that a small 
base current Jy is obtained here. So a strong electron current flows from emitter 
to collector and hence a conventional current from collector to emitter. From 
Kirchoff's law it follows that if Je is the emitter current, Ze—7»--7c 


For a good transistor Te=0'99 Je and I) —001 7, 


]t is to be noted that (a) the emitter is always given a forward bias (b) the collector 
is given a reverse bias and (c) the transistor is formed by joining two semiconductor 
diodes back-to-back with a common base. For this reason it is called the common- 
base mode of using a transistor. 


The circuit connections are reversed in the case of P-N-P type transistor 
[Fig. 4.1205). In this case, the left hand P-N diode is biased in the forward 
direction so that its P-layer becomes the emitter according to the general rule 
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stated above, while the right hand P-N diode is biased in the backward direction 
and its P-layer becomes the collector. The base being common, it is also common- 
base mode. The hole-rich emitter injects hole into the N-type base region (i.e. 
attracts electron from the base). These holes attract electrons from the negatively 
biased collector and cause a current to flow from emitter to collector. Apart 
from the different polarities and directions of current flow, the N-P-N transistor 
is identical with the P-N-P transistor. 
Here also Je—I»-- Jc 


Similarity with triode valve : 

From the above discussion, it is clear that a transistor has the following 
three basic components :—(1) emitter (ii) base and (iii) collector. They represent 
respectively the filament, grid and plate of ES PUN-P 
a triode. The emitter, like the filament d uote e 
ofa triode, sends the carrier into the base 
(electrons in the N-P-N type and holes 
in the P-N-P type) and the collector like 
the plate of a triode attracts carriers 
through the base and causes a current to 
flow through the transistor. The basic 
principles of a transistor triode are, 
therefore, analogous to those of a vacuum- 
tube triode, the base functioning very Fig. 4.13 
much as a control grid. N-P-N and P-N-P 
type transistors are diagrammatically represented by symbols as shown in fig. 
4.13, Arrow head shows the direction of current flow in the two cases. 


e- emitter e-collector 
b-base 


Advantages over vacuum valve : 

In recent years the transistors—an entirely new type of electron device—has 
come into its own and bids to replace the bulky electron tubes in most, if not all 
applications. Transistors are far smaller than vacuum tubes, have. no filament 
and hence need no heating power and may be operated in any position. They are 
mechanically rugged, have practically unlimited life and can do some jobs better 
than electron tubes while catching up fast in other respects. In contrast to an 
electron tube which utilises the flow of free electrons through a vacuum or gas, 
the transistor relies for its operation on the movement of charge carriers through 
a solid substance. Furthermore, it is extremely cheap to manufacture. For all 
these advantages, all electronic instruments and appliances are now being transis- 


torised. 


Exercises 


Essay type : 
———— 


1. Write what you know about the clectronic structure of an atom. How did Rutherford 


introduce the idea of a nucleus ? What was the defect in Rutherford's idea ? 
[H. S. Exam. 1982] 


2. What is Bohr’s contribution in the structure of anatom ? What are ‘valence electrons’ ? 
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3. Describe Bohr-Rutherford structure of atom. Write the assumptions of Bhor. How 
can you explain the origin of spectral lines by Bohr's theory 1 [H. S. Exam. 1979,81, '83] 
4. What is the difference between a conductor, à non-conductor and a semi-conductor, 
so far as electronic theory is concerned ? What are N-type and P-type semi-conductor crystals ? 

[H. S. Exam. 1981] 


5. What is a semi-conductor ? How does a semi-conductor diode act as a rectifier ? 
Explain. [H. S. Exam. 1982] 
6. Mention the similarities between (i) P-N junction and a valve diode (ii) a transistor 
and a valve triode. 
7. What is the difference between n-type and p-type semi-conductors ? Explain how 
p—n junction acts as a rectifier. What do you mean by forward bias and reverse bias ? 
(H. S. Exam. 1983, 84] 
8. Explain briefly the action of a p—n—p transistor. [Jt Entrance 1983] 
9, Write a short essay on the structure of nucleus. What are the fundamental particles 
in respect of the constitution of matter 1 1 
10. What are isotopes ? Explain with illustrations the following terms : (a) atomic 
mass (b) mass number and (c) atomic number. 


Short answer type + 

11. What similarity i$ observed between the structure of an atom and that of the solar 
system ? 

12. Explain why the spectrum of hydrogen has many lines although a hydrogen atom has 
only one electron. 

13. Cana hydrogen atom absorb a photon whose energy exceeds its binding energy viz. 
13-6 ev ? 

14. Below are given some atomic notations. Find the number of electrons, protons and 
neutrons in them : (a) C? (b) s Ra? () N 4 (d) 0". 

15. Two kinds of atoms have identical atomic number but different atomic masses. They 
contain (i) equal number of neutrons and equal number of protons (ii) equal number of protons 
but different number of neutrons (iii) equal number of neutrons but different number of protons. 
Which is correct ? 

16. From the following pick out the correct statements : 

In Bohr model of hydrogen atom (i) the radius of nth. orbit is proportional to n? (ii) total 
energy of the electron in the n.th. orbit is inversely proportional to n (iii) the angular momentum 
of the electron in any orbit is an integral multiple of h[21: (iV) the magnitude of potential energy 
of the electron in any orbit is greater than its K.E. U. I. T. 1984] 

17. Explain the terms : isotope ; atomic mass, Mass number and atomic number. Give 
examples. 

18. Who takes the major role in the conduction of electricity in N-type semi-conductor 
crystal ? 

19. Starting with a pure semi-conductor, explain briefly how 4 P-type and a N-type semi- 
conductor are made. 

20. Draw a sketch of the characteristic of a P-N junction diode. Explain, in terms of the 
movement of carriers, why the resistance of the diode is low in one direction and high in the 
reverse direction. 

21. Resistance of a conductor increases with the increase of temperature but the resistance 
of a semi-conductor decreases with the increase of temperature. Explain. 

22. What are the advantages of a transistor Over a vacum tube ? 

23. Is there any difference between P-N-P and N-P-N transistors ? 


— 
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Objective type : 
24. Fillin the blanks with suitable words : 


(a) The nucleus of an atom is composed of —— and ——- 
(b) By doping germanium with à little quantity of pentavalent atoms, We get —— crystals. 
(c). The position of an element in the periodic table indicates the —— of its atom. 


(d) The mass number of an atom is 48 and atomic number 23. The atom contains —— 
electrons, —— protons and —— neutrons. 


(e) Anatom has 6 electrons and 6 neutrons. Its mass number is —— and atomic number 
is ——. 
(f) A junction diode offers greater resistance in —— bias than in —— bias. 


(g) Consider the spectral line resulting from the transition n=2->n=1 in the atoms and 
ions given below. The shortest wave length is produced by —- 

(i) hydrogen atom (ii) deuterium atom (iii) singly ionised helium atom (iv) doubly ionised 
lithium. 


4 
[Hints : d asl i A ; As z for lithium is highest, 2 will be minimum} 
WILT. 1983) 
Numerical Problem : 


25. A single electron orbits round a stationary nucleus of ze where z isa constant and 
e is the magnitude of electronic charge. It requires 47.2 ev to excite the electron from the second 
Bohr orbit to the third Bohr orbit. Find the value of z. Given e—48x 10779 e.s.u. 5 h—6:55 
x 10727 erg-sec ; m=9:06 x 10775 gm and 1 ey 1-6x 1077* erg. [Jr. Entrance 1985] [Ans. 5] 

26. A doubly ionised lithium atom is hydrogen-like with atomic number 3. Find the 
wave length of the radiation required to excite the electron in Li** from first to the third Bohr 
orbit. Ionisation energy of hydrogen atom= 13:6 e.v. U.LT. 1985] [Ans. 113-7 AY 


—— 


5.1. Discovery of radioactivity : 

Radioactivity may be defined as a spontaneous disintegration of the 
nucleus of one or more atoms. The phenomenon was discovered originally by 
Henry Becquerel, a French physicist, in 1896. The story of the discovery of 
radioactivity has been told as follows. During the research period of 1890's, 
many experimenters were studying the phenomenon of fluorescence and phos- 
phorescence. It was well known at that time that various chemical compounds 
of uranium formed some of the best fluorescent materials with which to 
experiment, 

One:day Becquerel opened a drawer in his work-table and removed a photo- 
graphic plate from a cardbord box and used the plate to take a picture. Upon 
development of the plate, however, he found an unaccounted for image of a key 
in- the centre of the picture. Thinking back, he recalled that a key. was lying on 
top of the box of plates when he removed it from the drawer. Curious as to how 
the image could have transferred to the plate, he noticed uranium ores on the table 
top only a few inches above the box. 


Roentgen had just discovered X-rays and their penetrating power and 
Becquerel wondered if the uranium ore was giving off penetrating radiation. He 
set up the experiment as it was and placed a key on top of a box containing a fresh 
photographic plate. Above that he placed some uranium ore and after some time, 
developed the plate and found surely enough, an image of the key ! Becquerel’s 
surmise was correct. Uranium spontaneously emitted very penetrating radiations, 
which were, at first named as Becquerel rays after the name of the discoverer. 
The name was later changed to radioactivity. 


Becquerel’s discovery caused an unprecedented commotion among the 
scientists at that time. Continuing researches with different fluorescent substances 
Madame Curie and her husband Pierre Curie in Paris, found that all thorium 
compounds emit, like uranium, powerful radiations. But the most significant 
discovery made by them was a mineral of uranium—known as Pitch blende which 
was many times more active than uranium. Learning this, the then Austrian 
Government made them a gift of a ton of pitch blende residues from the uranium 
refineries in Bohemia. After many weeks of painstaking toil, the Curies managed 
to extract from it a small quantity of hitherto unknown radioactive element. This 
they called polonium in honour of Madame Curie's native land, Poland. Conti- 
nuing their investigations, they subsequently isolated in 1902 another new element 
which was more active still, and to this they gave the name radium. The activity 
of radium is more than a million times that of uranium for equal weights. Madame 
Marie Curie and Pierre Curie were awarded the Nobel Prize in 1903 for their 
remarkable discovery. 
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Subsequently, many other radioactive substances were discovered by other 
workers. 


5.2. Nature of the rays emitted by radioactive substances : 


Various workers tried to analyse the nature of radiations emitted by 
radioactive substances by utilising the different effects they produced such as 
_penetrative power, scintillations on fluorescent 
screen, action on photographic plate etc. In 1899, 
Rutherford and his associates studied the ionising 
power of the rays given off by uranium and found 
that the rays were of two types, one possessed 
positive charge and were called «-particles while 
the other possessed negative charge and were 
called ®-particles. Moreover, $-particles were 77 
found to be 100 times more penetrating than «- 7) 
particles. In 1900, Villard showed that there was EAE 
a third type of radiation in addition to « and f Fig. 5.1 
particles. As these were not affected by a magnetic field, they possessed no 
charge and were called y-rays. i 

The actual existance of these distinct types of radiation was definitely 
demonstrated by a simple experiment, first devised by Mme. Curie., which is dia- 
grammatically illustrated in fig. 5.1. A small sample of radium R is dropped to 
the bottom of a small drill-hole made in a block of lead. This produces a narrow 
beam of rays emerging from the top of the block, since rays entering the walls of 
lead are absorbed before reaching the surface. A photographic plate P is held 
at some distance above the hole and the whole arrangement is placed in an air 
tight chamber, kept evacuated. A strong magnetic field is applied at right angles 
to the plane of the paper and directed away from the reader. 

After a fairly long exposure, the plate P was developed and three distinct spots 
were found onit. This shows that the paths of some rays are bent to the left, 
some to the right and some are not bent at all. Considering the direction of 
magnetic field, the direction of motion of the rays and the direction of bending, it 
may be said that the paths bending to the left indicate positively charged particles, 
called «rays ot «particles, those bending to the right indicate negatively charged 
particles, called B-rays or Q-particles, and those going straight ahead indicate no 
charged particles and are called y-rays. -rays are nothing but electro-magnetic 
waves like visible light or. X-rays and are, therefore, not affected by electric or 
magnetic field. 

Further, the curvature of the path bending to the right is more than the 
curvature of the other path. It shows that @-particles are lighter than a-particles. 


ry 


5.3. Properties of radioactive rays : 

Properties of alpha rays: (i) Alpha particles come out of radioactive 
(bodies with high velocity. Different radioactive bodies emit alpha particles with 
different velocities which range between L'4x 10? cm./sec to 1°7X 10? cin./sec. " 
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(i) a-particles can produce fluorescene on some substances like zinc 
sulphide etc. If the fluorescence is examined with a low power microscope, it is 
found to consist of individual scientillations which show that « rays are made up 
of discrete particles. 

(ii) They affect a photographic plate. 

(iv) They cause intense ionisation in gases. In air, it is found that an « 
particle loses its ionising power after proceeding a certain distance. This distance 
is called the range of the a-particle. Different radioactive substances emit « 
particles of different range. At the end of the range, an «-particle is neutralised 
by acquiring two electrons i.e. it becomes a neutral helium atom. 

(v) They are easily absorbed by matter. A 0.01 cm. thick aluminium foil 
is enough to absorb an «-particle. 

(vi) They are scattered while passing through thin metal or mica sheet. 

(vii) They are deflected by electric and magnetic fields. This proves that 
particles of the rays are charged. From the direction of deflection, it is known 
that they are positively charged. 


Properties of beta rays : (i) Beta rays are deflected by electric and magnetic 
fields and the direction of deflection shows that the particles are negatively 
charged. As a matter of fact, beta particles are nothing but fast-moving electrons. 

(ii) -particles are emitted by radioactive substances with very high velocity 
which ranges from 0:3 to 0:98 times the velocity of light. 

(iii) They have smaller energy than o-particles of the same velocity and 
hence they possess smaller ionising power. 

(v) These particles do not show any definite range in air, and they follow 
an irregular path unlike «-particles which move in straight lines. 

(vy) On photographic plates, B-rays produce greater effect than a-particles. 

(vi) They produce fluorescence on fluorescent substance. 


(vii) Their penetrating power is greater (about 100 times) than that of «- 
particles. They penetrate through aluminium foil of about 1 cm. thickness. 


Properties of y rays: (i) These rays are not deflected by even very strong 
electric or magnetic fields. Hence they are believed to be of same nature as 


X-rays and possess no charge. 

Gi) Their velocity is same as the velocity of light i.e. 3 x 10'° cm/sec. 

(iii) Their penetrating power is very great. They can penetrate several 
centimetres of lead without being absorbed. 

(iv) They have got ionising power—but not so intense as ß or «-rays. 

(v) They produce fluorescence and affect a photographic plate. 

(vi) They possess all optical properties like reflection, refraction etc. As 


a matter of fact they are electromagnetic waves like ordinary light but of very 
small wave length, 


RADIOACTIVITY 543 


5.4. Characteristics of radioactivity : 

After the discovery of radioactivity several scientists in course of systematic 
preliminary survery of the phenomenon established the following characteristics 
of radioactivity :— 

(i) Radioactivity is essentially a nuclear phenomenon and it has nothing to 
do with the electrons outside the nucleus. 

(ii) Only those elements whose atomic weights are more than 206, exhibit 
the phenomenon of radioactivity. 

(iii) The activity consists in the emission of three distinct kinds of rays 
known as alpha, beta and gamma rays. 

(iv) The activity results in the spontaneous disintegration of nucleus and a 
natural transformation of one element into another. 

(v) The activity is spontaneous in the sense that it is not affected by any 
external agent whether physical or chemical. 


5,5. Alpha particles are the nuclei of helium atoms : 


It has been mentioned earlier that alpha particles are deflected by electric 
and magnetic fields and that the direction of deflection suggests that the particles 
are charged positively. By measuring the deflection of alpha particles in 
electric and magnetic fields, the specific charge e/m of an alpha particle can be 
found out in a similar way by which e/m of an electron was determined. 
Experiments show that e/m of an alpha particle is just half of e/m of hydrogen 


song e 
atom i.e. PELAN 

Later on, measurement of charge carried by each «-particle showed that 
each particle carries positive charge equal in magnitude to the combined charge of 
two electrons i.e. twice the charge of hydrogen atom. Symbolically it may be 
represented as ea —2en ; therefore, ma =4mn. 

Thus, mass of an «-particle is four times the mass of one hydrogen atom and 
charge is twice the charge of one hydrogen atom or an electron (or a proton). 
What do we know of the nature of «-particle from this ? According to modern 
atomic structure, a helium atom consists of a positively charged nucleus at its 
centre surrounded by two revolving electrons. The nucleus is composed of two 
positively charged protons and two neutrons. So the mass of a helium nucleus 
is four times the mass of a hydrogen atom and charge is twice because a hydrogen 
atom consists of one proton in its nucleus and one revolving electron. From this 
similarity, scientists came to this conclusion that an alpha particle is the nucleus 


of a helium atom. 


5.6. Comparson between «- and (-particles : 

Mass: The mass of an alpha particle is four times the mass of a hydrogen 
atom while the mass of a beta particle is equal to the mass of an electron. We 
have seen earlier that the mass of a hydrogen atom is 1835 times the mass of an 
electron. So, mass of an «-particle—4 x mass of a hydrogen atom 

—4x 1835X mass of a -particle 
=7340 x mass of a B-particle, 
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Charge: An alpha particle contains charge same as the charges of two 
protons. Again, a beta particle contains charge same as an electron or a proton. 
So, comparing the two we get, 


charge of an o-particle Total charge of 2 protons = 
„ & B-particle a of , 1 proton 


Velocity : Velocity of «-particles ranges from 1°4x 10? cm/sec to 1:7 x 10? 
cm/s whereas the velocity of Q-particle ranges from 0'3 X 10*° cm/s to 0°68 x 10° 
cm/s. 


Penetrating power: f-particles possess greater penetrating power than 
a-particles. 


5.7. Radioactive decay : 

The atoms of radioactive substances are not stable; they disintegrate 
and during disintegration, the atoms give off either alpha or beta particles. 
Gamma rays arise from the energy changes produced when a nucleus throws 
out a particle. When a radioactive element decays, the product may itself be 
radioactive and the process can be traced through a series of elements. Each 
time a nucleus disintegrates and gives off a particle, it becomes a different 
nucleus and the end product of all such breakdowns is usually some isotope 
of lead. 

5.8. Laws of disintegration : : 

Analysing different radioactive decay products, Rutherford and Soddy 
established two laws in connection with radioactivity. They are as follows : 


(i) When an atom disintegrates, emitting an a-particle a new atom is formed 
whose mass number is smaller by 4 and atomic number smaller by 2 than the parent 
atom. 

Since an alpha particle is composed of two protons and two neutrons, ejection 
of an alpha particle from a radioactive nucleus will cause the formation of a new 
nucleus whose mass number and atomic number will be less by 4 units and 2 units 
respectively than the corresponding values of the original nucleus. Thus, 

ss Ra? — 5 Rn?22 — >g Ra A? 


« a 


Radium disintegrates into radon whose mass number (222) and atomic number 
(86) are less by 4 units and 2 units respectively than the corresponding values of 
radium because an alpha particle is ejected in the disintegration. Similarly radon 
‘breaks down into radium-A, ejecting an «-particle and the mass number and atomic 
number are correspondingly reduced. 


In general, it may be written as : 


ZXA—-»z.,Y^--F4He* (i.e. «-particle) 
a 
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(i) When an atom disintegrates, emitting a G-particle, a new atom is formed 
whose mass number remains the same but the atomic number is increased by 1. 

The explanation is as follows : 

A neutron, is regarded as a combination of a proton and an electron 
(n^-p*-Fe-). When such an electron is ejected from a nucleus in the form of 
a beta particle, the product nucleus gets an extra proton instead of a neutron 
and so its atomic number is raised by one unit, although the mass number remains 
the same. Thus, 

ss RaB34 —->gRa C? 

P 
In general, it may be written as : 
zX^—-z,,Y^-- ,e" (i.e. Q-particle) 
p 
Hence the complete chain of disintegration from radium to radium C may be 
written as : 
sa Ra? -> p RN??? ->g RAAS -> ga RAB? ->g RACS 
a « & 6 

The process of disintegration goes on until the stable product is reached, 
which is usually an isotope of lead having atomic number 82. 

The above explanation also accounts for the expulsion of beta-particles (i.e. 
electrons) from a radioactive nucleus although a nucleus does not contain electron. 


Emission of gamma-rays : 

When a radioactive nucleus emits an alpha particle or a beta particle, the 
product nucleus ordinarily is raised to an excited state. The excited nucleus 
within a moment returns to a lower energy state or straight to its normal state. 
The energy difference between these two states is radiated in the form of a gamma- 
ray photon. A particular radioactive nucleus may, thus, emit y-rays of different 
energies. Thus Thc” emits five y-rays of five different energies. It is to be noted 
that y-ray emission does not cause any change in the mass number or atomic 


number of the nucleus. 


5.9, Half-life and average life : 

Now, among the disintegrating atoms of a radioactive element, some may 
have only a short existence, while others may remain unchanged for a long time— 
why we do not know. The disintegration of a particular atom is entirely a chance 
incidence. Experiments show, however, that every radioactive element has a 
definite rate of disintegration which may be conveniently represented by its half-life 
period. 

The half-life of a radioactive element is the time required for half of a given 
quantity of that element to disintegrate into a new element, For example, half-life 
of radium is 1622 years. This means that if we start with 1 gm. of radium to-day, 
then 0.5 gm. of it will have disintegrated in 1622 years. After another 1622 years, 


Ph II—35 
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half of what remains will have disintegrated, leaving 0.25 gm. and so on. . If this 
rate of disintegration is represented graphically, it will be like a graph as shown 
in fig. 5.2, From the figure, it is seen 
that infinite time will be required for 
all the atoms to disintegrate. As 
a matter of fact, decay curves of all 
the, radio-active substances follow 
‘the same rule and are of same type 
with the only difference that the half- 
lives of different substances are 
different. For example, half-life of 
radium is about 1622 years but the 
O T 21 3T AP ST TIME radioactive element obtained by the 
disintegration of radium—it is called 
i radon—has a half-life of about 4 
Fig. 5.2 days only. 

[Suppose No=no. of atoms of a radioactive substance present at 1—0. 

N —no. of atoms of the radioactive substance present at t=t 

and dN=a small number of atoms which disintegrate during a small interval 


dt after t. 


T 1622 years 


Then, d —rate of disintegration at that instant. Experiment shows that 


the rate of disintegration is proportional to the number of atoms present at that 
; dN dN. i 

time. Hence, wn cc N or, dis — —A.N, where X is a constant, called decay constant 
of the radio-element under consideration. Negative sign shows that with the 


increase of time, the number of atoms decreases as a result of disintegration. 
Integrating the above equation we get, (a 24 


or, log N=—At+k..(i) [k is the constant of integration] 

Now we know that at t=0, N—N,. Hence putting this value in the above 
equation, log No—0-Fk—k. ; 

Substituting this value of k in eqn. (i), we get, 


log N— —At-Hog No or, rog Noa —ht 
fe No 


OON zd fob 
or, —=e - or, N—Ne g 15 Lab) 


The equation (ii) shows that the disintegration of radioactive at 
an exponential law as graphically represented in fig. 5.2. Re ‘HERG 


If, after. a time (—T, the number N becomes equal to the half of the original 
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number N , then T is called the half-life of the radio-element under consideration. 
Putting these values in eqn. (ii), we get, 
No —AT ibm 
5 Noe or, 3^ AT 
loge 2 0:693 io 
ee C 
So, half-life of a radio-element is inversely proportional to its decay constant. 
Average life: The disintegrations of radioactive nuclei are subject to 
statistical fluctuations. Nothing can be said about the decay of an individual 
atom. Among the numerous radioactive atoms of a substance, some have only a 
short existence, while others remain intact for a long time for reasons unknown 
to us. Why a particular.atom decays at a given instant, its neighbouring atoms 
remaining unchanged, is a mystery. The past history of an atom—specially the 
fact that it has remained stable for a long time, seems to have no effect at the 
moment of its disintegration. In other words, depending upon chance, the actual 
life of an individual atom may be anything between zero and infinity. In such 
cases, the average life of the atoms can be calculated by adding the possible lives 
of all the atoms and then by dividing it by the total number of atoms present at 


eAT=2 or, AT=log, 2. or, .T= 


the beginning. It can be shown that the average life 1 jo (iv). 


Thus, the average life of a radio-active- atom is ‘the reciprocal of the 
disintegration constant of the atom. 

From eqn, (iii) and (iv), we have, 1-959. 0693 ; 

Examplei: The mass number and atomic number of uranium are respectively 
238 and 92, It disintegrates successively into lead emitting eight «-particles and six 
B-particles. What will be the mass number and the atomic number of the lead 
isotope formed ? 

Ans. We know that when an «-particle is ejected, the product nucleus has 
its mass number reduced by 4 units and atomic number by 2 units. So ejection 
of 8 «-particles will give the product nucleus a reduction of 4x 8—32 units in mass 
number and 8: 2—16 units in atomic number. 

But when a -particle is ejected, the mass number of the product nucleus 
remains same as that of the parent nucleus while its atomic number is raised by one 
unit. Hence, ejection of 6 @-particles will give the product nucleus a rise of 
6x 12-6 units in its atomic number only. 

So, the lead isotope will have a mass number=238 —32=206 and an atomic 
number—92—16-L-6—82. ; 

Example 2: The half-life of radon is 4 days. What is the value of its decay 


constant ? " : 
0:693 0:693. . 0:693 


Ans. We know, e gere or japan Foo s —0:173 per day. 
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Example 3: At a certain instant, a piece of radioactive material contains 
10!? atoms. How long will elapse before 10* atoms remain ? The half-life of the 
material is 30 days. 


anu Welt NA e 


Here N,—10!? atoms ; N—10* atoms ; A=—— 


0:693 t t 
1012:10322xe—39-* or 10-5—e-739* 
j 0:693 
Taking logs to the base 10, we be agaaa T: xtxlog e 
PN 8x30 
rt 0:693 x log e 
Example 4 : The half-life of a radioactive substance is 60 years. Calculate 
its decay constant and average life. 


Ans. We know, de Tar TENS 10-7? per year. 


=64 days (approx.) 


T 60 
Furt == —86 I 
urther r 0693 - 0:693 865 yrs (nearly) 
5.10. Activity of a radioactive element : 
The activity of a radioactive element is defined as the number of disintegra- 
tions per sec. If A, be the activity of a radioactive substance at /—0 then its 
activity A after a time 7 is given by 


A=Ace 
where A is the disintegration constant of the element. This shows that activity 
varies exponentially with time. 

By international agreement, the unit of activity is Curie (symbol C;) which is 
equal to 3:7 x 10!? disintegrations per sec. This is, however, the activity of 1 gm. 
of pure radium. 

‘Rutherford’ is also taken as a unit of activity. It represents a rate of disin- 
tegration of 10° nuclei per second. Its symbol is R. 


At 


5.11. Artificial transmutation : 

Transmutation, in general, means the conversion of one element into 
another i.e. one type of atom into another. Natural radioactivity is an illustra- 
tion of transmutation. If the transmutation is brought about by any 
artificial means, it will be called an artificial transmutation. In the middle ages, 
a group of people, known as alchemists had a strong belief in the existence 
of the philosopher’s stone which would on touch convert base metals into 
noble ones. The alchemists’ life long search for this wonderful agent of trans- 
mutation resulted in disappointment chiefly due to their vague and meagre idea 
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regarding the structure of matter. Several centuries of arduous labour brought 
the scientists close to the fundamental constituents of matter. Finally with the 
discovery of radioactivity, it became clear that the individuality of an atom rests 
in its nucleus and that transmutation will be possible if the nucleus of an atom 


Fig. 5.3 


can be disrupted by any artificial process. Guided by this idea and noticing at 
the same time, the great speed with which «-particles are ejected from natural 
radioactive substances, Rutherford made up his mind to use a-particles as tools for 
smashing nucleus. He performed a series of experiments in this direction and 
finally, in 1919, succeeded in transmuting elements thus realising the cherished 
dream of the alchemists. Rutherford’s arrangement of apparatus is shown in 
fig. 5.3. 

j One side of a long glass tube had an opening which was covered with a thin 
sheet of silver foil F. A zine sulphide screen S was placed close to the silver foil 
and the scintillations on it, when they occurred, were observed by a microscope M. 
Through one side tube at A, gases may be introduced in the glass tube while through 
another side tube at B, the gas may be pumped out. The source of «-particles 
RaC, was deposited on a small disc R fixed on one end of a movable rod D. 

Rutherford, at first, placed the disc R close to the foil F. Alpha particles 
given off by the source RaC, struck the zinc sulphide screen S after penetrating 
through the silver foil F and produced scintillations. He then increased the 
distance of the source from the screen by pulling out the rod D until it was too far 
away for the alpha particles to reach the screen. Rutherford then introduced 
oxygen in the tube but found no scintillations on the screen. In any case, he did 
not expect any scintillation because he realised that alpha particles were not in a 
position to project much heavier oxygen nuclei so much. Next, he introduced 
nitrogen in the tube and immediately scintillations appeared on the screen. 
Rutherford made some tests and found that the particles which produced scintil- 
lations were the nuclei of hydrogen atom i.e. protons. Now the small amount of 
hydrogen known to be present in the tube as impurity was quite insufficient to 
account for the large number of scintillations observed. Where did, then these 
protons come from ? 

Rutherford came to the conclusion that these protons had been knocked out 
of the nitrogen nuclei by the fast «-particles and in the process, the nitrogen nuclei 
were transmuted into oxygen nuclei. It was, indeed, an exciting discovery. The 
nuclear reaction which occurred in Rutherford's nitrogen experiment may be 
represented as follows : N+ Het >,0" --,H* 


550 A TEXT BOOK OF: PHYSICS 


Here He! represents an alpha particle because «-particle is essentially a 


nucleus of helium atom and ,H* represents a proton which forms the nucleus of 


D hydrogen atom. Further, the above 
s e Pnoró) . equation-states that a nitrogen 
x nucleus containing 7 protons and 7 


NITROGEN 


— J OXYGEN 
PEE Be neutrons when struck by an alpha 
COLLECTIVE MASS particle (i.e. helium nucleus) consist- 
Fig. 5.4 ing of 2 protons and 2 neutrons 


form an unstable collective mass of 9 protons and 9 neutrons. This unstable 
collective mass, then ejects a single high-energy proton and becomes transmuted 
into an isotope of oxygen of mass number 17 (Fig. 5.4). 


Encouraged by this first success, Rutherford continued his researches in 
collaboration with Chadwick and showed that many other elements could be 
transmuted by bombardment of «-particles. 


5.12. Discovery of neutron : 

Rutherford’s experiment on artificial transmutation evoked unprecedented 
enthusiasm in different laboratories and scientists all over the world became 
intensely active in studying the results of «-ray impact on light neulei. The 
extensive study of disintegration of light elements by «-particles led to the 
discovery of neutron, a fundamental particle with no charge. 


In 1930 Bothe and Becker, in Germany, found that a very penetrating radia- 
tion, capable of penetrating a few inches thick of lead, was produced when «- 
particles were incident on light elements like beryllium. Since the radiation 
showed no deflection in magnetic and electric fields, it was thought to be y-radia- 
tion of high energy. In 1932, Curie-Joliot placed a paraffin block in front of the 
penetrating radiation and found that protons of considerable range were ejected 
from the paraffin wax. The energy of the radiation was calculated from the range 
of ejected protons and it was then found to be exceptionally high for all known 
y-rays. Further it was not known that y-rays are capable of ejecting high-energy 
protons from hydrogenous substances like paraffin etc. 


From these experimental findings, it appeared in the mind of Chadwick that 
the radiation was not y-rays. He showed that the discrepancies with regard to the 
energy of the radiation could be removed if it could be supposed that it was not a 
y-ray photon but an uncharged particle. To substantiate his assumption, Chad- 
wick made the following experiment. j 


He used polonium as a source of «-particles and the unknown radiation 
obtained by the impact of «-particles with beryllium was then allowed to be incident 
on a slab of paraffin wax [Fig. 5.5]. The energy of the protons emitted from 
the paraffin could be found from their range in air, which was determined by 
placing mica sheets of various thickness in front of ionisation chamber until no 
effect was produced in the chamber. By previous calibration of the thickness of 
me ione Af air thickness, the range in air and hence the energy of the protons 
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He then applied the laws of conservation of linear momentum and energy to 
the collision with protons, assuming that the unknown radiation was a particle 
carrying no charge and that the collision was elastic. From the equation that 


Polonium Beryllium Paraffin Ionisation chamber 
(source of x-rays) 


i ore Toan amplifier 
| 
Ions reach the plate 


Fig. 5.5 
followed, he calculated the mass of the particle and found it to be almost equal to 
the mass of a proton. Chadwick called the new particle, a neutron. It is now a 
well-established fact that all most all nuclei contain protons and neutrons. 

The emission of neutrons as à result of the bombardment of beryllium with 
a-particles may be represented by the following equation : 

,Be?--He CH yr (neutron) 
The mass number of neutron is 1 and being neutral, its atomic number is zero 5 
its symbol is or. 

Nuclear reactions : During radioactive disintegration or artificial trans- 
mutation involving emission of a particle like «, D or proton etc, the original atom, 
called the parent, changes into a new atom, called the daughter. These nuclear 
changes, are represented. by equations similar to those of chemical. reactions. 
Rutherford and Soddy proposed in 1903 that the nature of the daughter atom 
can always be known from the nature of the parent atom and the particle emitted. 
They gave the following rules, known as Rutherford-Soddy rules for balancing 
the nuclear reaction equation : 

(1) The sum of mass numbers on the L.H.S. must be equal to the sum of mass 


numbers on the R.H.S. 

(2) The sum of atomic numbers on the L.H.S. must be equal to the sum of 
atomic number on the R.H.S. 

The first law signifies that the number of nucleons taking part in the reaction 
is unchanged. The second law expresses the conservation of electric charge. 

As an illustration of natural radioactive disintegration, let us consider a 
uranium atom with atomic number 92 and mass number 238 which disintegrates 
emitting an alpha particle. The daughter atom must have mass number 
(238 —4)=234 and atomic number (92—2)=90 and it is an atom of a new 
element thorium. The reaction equation can be written as : 

qoU288——> go t He" (a-particle) 
A 
In the first artificial transmutation brought about by Rutherford, the reacting 
particles were a nitrogen nuclei (;N™) and an «-particle (sHe*), A proton GF?) 
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was emitted during the reaction so that the daughter atom has a total mass number 
=14+4—1=17 and total atomic number=7+-2—1=8. These values identify 
the daughter nucleus as an oxygen isotope (,0""). Hence, 

N+ 4Het* 0 --,H! 
Similarly the production of neutrons by the bombardment of beryllium with 
a-particles is represented by, 

4Be?-- 4He* C? - ont. 


Example: A nuclear reaction brought about by a neutron is represented by 
the following equation: Li*+-on'>,He*+( ). What is the product in the 
parenthesis ? 


Ans. The mass number of the product —6--1 —4—3 and the atomic number 
—3--0—2-1. So, the product is an isotope of hydrogen ,H? (tritium). The 
equation, therefore, is 4Li*-- yn! He! 4-4 H?. 


5.13, Equivalence of mass and energy : 


In describing Rutherford's experiment on artificial transmutation stated 
earlier, it was pointed out that the total mass is the same before and after the 
change. However, if the exact mass values calculated from mass spectrograph 
measurement are used, this is found to be no longer quite true. The total 
mass of proton and oxygen atom that are formed turns out to be 0.0013 
mass unit more than the total mass of the original alpha particle and nitrogen 
atom. This difference is small, but still very much bigger than the expected 
error of measurement. Also it is found that the total kinetic energy of the 
particles formed is very slightly but unmistakably /ess (by about 0.000002 erg) 
than the energy of the particles to begin with. 


Einstein's theory of relativity offers an explanation of this discrepency. 
According to this theory, mass and energy which were hitherto considered to be 
quite independent things, are equivalent to each other and are mutually inter- 
convertible. Matter can, under certain circumstances, be converted into energy 
and the—other way around—energy can be converted into matter. The relation 
between the two is given by the famous mass-energy equation: .E—mc? where E 
is the quantity of energy, in ergs, m is the equivalent amount of mass in grams, 
and c is the velocity of light, in centimeters per second. 

One result of this relation is that whenever energy is given to a body (by 
heating it, by setting it into motion etc.) its mass must increase. But for any 
ordinary physical process, this increase will be far too small to detect. This is 
because the factor c? by which the energy must be divided to obtain the equivalent 
mass, has the enormous value of 9x10?" ! But conversely, the destruction of 
even a tiny amount of matter produces tremendous amount of energy. If the 
atoms of a piece of coal could be completely destroyed, the energy produced would 
be about 3 thousand million times that obtained by merely burning the piece. 
However, complete destruction of matter has not yet been attained ; even the 
atomic bomb could not do it. 
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Now, let us come back to Rutherford's nitrogen experiment. Einstein’s 
mass-energy relation explains the observed energy loss. If the loss of energy in 
the above reaction be converted into equivalent mass with the help of the mass- 
energy equation, it will come to be equal to 0.0013 mass unit i.e. the lost energy 
has appeared as the mass of the product nuclei. This has also been found to be 
true in dozens of other nuclear changes examined. In this way, the theory of 
mass-energy equivalence has become firmly established as a physical law. 


Atomic mass unit (a.m.u.) and its relation with electron volt : 


The fundamental unit of mass usually employed in atomic physics is the 
atomic mass unit (a.m.u.). On the physical scale, this mass is E of the mass of 
the atom of the oxygen nucleus ,0!*. More recently, the atomic mass unit is 
taken as iz of the mass of the atom of carbon nucleus ,C!?. 

] a.m.u—1:6598 x 10-*4 gm. 
The corresponding energy in ergs is given by E=mc* .i.e E—1:6598 x 10?! x 
(3x10102—1:4918x 10-? erg [velocity of light c=3 x 10!9 cm/sec] 


Now, 1 electron-volt (e.v.)—4:8 x 10-1? x 3 erg—1:602 x 107? erg. 


1 
z-4:8 x 10719. e.s.u. and 1 volt=— e.s. 
L 8 e.s.u. and 1 vo gx] 


. 14918 x 10-8 
- 1602 x 10-1 

Binding energy of a nucleus : 

Einstein’s mass-energy equation also provides us a way to understand the 
binding energy of a nucleus. In all nuclei, except the hydrogen nucleus, there are 
a number of protons and neutrons. They are commonly called the nucleons. 
The nucleons are held bound to the nucleus with a tremendous energy known as 
the binding energy of the nucleus. Where does the binding energy of a nucleus 
come from ? 

If we carefully observe the constitution of a nucleus we shall see that in 
general its mass is less than the sum of the masses of the constituent particles in 
free state. The decrease of mass is called the mass-difference of the nucleus. Accord- 
ing to Einstein when a nucleus is formed by the combination of several particles, 
some energy is liberated and this energy comes from the mass difference. If ‘m’ be 
the mass difference i.e. the difference between the sum of the masses of nuclear 
particles and the mass of the nucleus, then the energy liberated is given by E—m.c.?. 
This energy appears as the binding energy of the nucleus. Greater the binding 
energy of a nucleus, greater is its stability. 

Let us take the case of 4Li? nucleus, which has 3 protons and 4 neutrons. 
Taking the mass of each free proton as 1:007277 a.m.u., the total mass of 3 protons 
—3 x 1007277 =3'021831 a.m.u. Taking the mass of each free neutron as 1008665 
a.m.u., the total mass of 4 neutrons —4 x 1:008665 —4:034660 a.m.u. 

Their combined mass in free state —3:021831---4:034660 
—7:056491 a.m.u. 


| a.m.u ev=931.2 Mev. 
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But lithium-7 nucleus has a mass of 7016005 a.m.u. Here the mass-difference 
—7-056491 —7:016005=0'040486 .a.m.u.. This shows that when a lithium-7 
nucleus is formed by the union of 3 protons and 4 neutrons, 0:040486 a.m.u. of 
mass is lost and the energy it liberates appears as the binding energy of the lithium 


nucleus. ) f 
Now, from equation E—mc?, we know that a loss of 1 a.m.u. of mass liberates 


931:2 Mev of energy. Hence, the binding energy of lithium-7 nucleus —0:040486 x 
931-2—377 Mev (nearly). 

Example: Express energy, in ergs, equivalent to 1 mg of mass. 

: fi [H. S. Exam. 1980] 
Ans. We know E—mc? ; here m=1 mg —10-? gm ; c—3x 101 cm/s. 
E-—10-? x (3 x 1019)? ergs —9 x 10" ergs. 
9x 10 
107 


In joule, the energy, E= —9 x 10!? joules (approx.). 


5,14. Radio-isotopes : 


The French Physicist F. Joliot and his wife Irene Curie (the daughter 
of Madame Curie) found that when alpha-particles were allowed to bombard 
a piece of aluminium, positrons were given off. A positron is a particle 
identical with an electron, except that its charge is positive instead of negative. 
For this reason, it is sometimes known as positive electron. It is not 
permanent but soon unites with an ordinary negative electron, both disappearing 
in a flash of radiant energy in accordance with the mass-energy relation. In the 
experiment with aluminium, the Curie-Joliots found that the positron-activity 
did not stop at once when the stream of alpha particles was cut off, but continued 
for some time like natural beta-activity. It was found that «-particles due to 
collision had converted some of the aluminium atoms into isotopes of phos- 
phorous which were radioactive. The equation representing the transformation 
is as follows : 

184l -Ha He! — >P *3 4 gn! 
Normal phosphorous (,;P?") is not radioactive ; but the above isotope is. It is 
called radio-isotope, It disintegrates like natural radioactive substances but with 
the emission of positron instead of electron., The disintegreation takes place 
according to the following equation : : 
) 15 P *90 — ->Si 2° (positron), 

Radio-phosphorous disintegrates into silicon (,,Si*°) emitting a positron. 

This phenomenon is known as artificial radioactivity. In later years, it was 
found that almost all non-radioactive elements could be rendered radioactive 
when bombarded with suitable energetic particles or when exposed to the 
radiations of a nuclear reactor. Illustrations of the formation of some other 
radio-isotopes are given below : rr 


(i) When boron is bombarded with «-particle, radio-isotope of nitrogen 
is formed with the emission of a neutron : 
,B19--; Hof — N13 ont 
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The mass number of normal nitrogen atom is 14 and it is not radioactive. But 
,N?? is radioactive and is not normally available. . Its life is extremely short and 
it soon decays into carbon isotope emitting a positron; 


7N13*—->,C18+,e° (positron) 


(i) Normal sodium atom can be converted into radioactive aluminium 
isotope by the bombardment of «-particles. 
u Na? -,He!— 54199 +n! 


Radio-aluminium disintegrates into magnesium and ejects positron. 
134/**°—>,,Mg**+e° (positron) 


Uses of radio-isotopes : 

The contribution of radio-isotopes in the welfare of mankind is inestimable. 
Some of these isotopes find applications as tracers for checking the distribution 
of foods or fluids in plants and animals. Common saltin which some of the sodium 
atoms have been made radio-active can be fed to a patient and followed through 
his system by an electronic detector such as a Gieger counter held near the surface 
of the body. Some radio-isotopes can be used in place of radium or X-rays for 
treating tumors and other harmful growths. In this way, the physicians use 
radiobismuth-206 for the treatment of brain tumor, radio-cobalt for cancer 
theraphy, radio-iodine for thyrod’trouble etc. 

Radio-isotopes are also used widely in industry and technology for various 
purposes. 

In industry, the radio-isotopes are being extensively used in testing and 
controlling thickness of metals, rubber, paper etc. without actual contact, to detect 
flaws in the interior of metal castings and to study many surface phenomenon like 
wetting, detergency, corrosion etc. In agriculture, radio-isotopes are being 
increasingly used to find effective processes for better yield of crops, assimilation, 
application and efficacy of fertilisers etc. 


Radio-isotope dating : 

An interesting application. of radioactivity is the carbon dating technique 
for estimating the ages of archaeological and biological specimens. The neutrons 
in the cosmic ray, when slowed down, are captured by nitrogen nuclei in the air 
and the reaction produces a radio-isotope C", It is a B-emitter with a long half- 
life of 5568 years. This radio-carbon soon gets converted into carbon dioxide 
and will be consumed by plants to build up carbohydrates through photosyn- 
thesis. These carbohydrates, containing a certain amount of radiocarbon will 
be consumed by all living animals who, return part of it to the atmosphere in 
respiration, where it decays to form N14... Depending on the rate of production 
of radioactive C'^ and its decay back into N™, an equilibrium will be established 
with all living matter containing a certain percentage of C", . It was suggested by 
Libby that once a living organism ceases to take part in the carbon cycle i.e. once 
it is dead, C! in it will decay with its half life of 5568 years: Libby’s suggestion 
has opened up the possibility of estimating the ages of carbonaceous matter which 
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has been dead for periods varying 
if it is assumed that the relative proportion of 
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between 1000 years to probably 100,000 years, 
CH in it at the time of its death is 


the same as that which exists at the present time in fresh samples of carbonaceous 


matter. 


C dating method can be applied 
which contain a detectable amount of thi 
been dead for not more than a few times 


to determine the age of those samples 
s radio-isotopes i.e- samples which have 
of its half life. To estimate the age of 


geological specimens, scientists make use of the activity of the long-lived natural 
radioactive nuclides, like U238, present in them. 


55. Nuclear fission : 


All the nuclear changes brought about by alpha particles, protons or 


neutrons involve the removal of fairly small pieces of the nucleus of an 
atom. These changes cannot be called major disruption because most of the 


nucleus in these changes remains i 


a result] of disruptions being an alpha particle. 
the same thing happens, with the result that the 


these cases is very small. In 1939, Hahn and 


uranium nuclei can apparently be split into two pa 
releasing huge amounts of energy in the process. 
bombarding uranium with neutrons, which are ideal nuclear bullets because— 


unlike the other heavy particles like alpha o 


n tact, the greatest fragment that we get as 


In natural radioactivity, too, 
liberation of energy in all 


Strassmann in Germany found that 


rts of roughly the same mass, 
The change was produced by 


r deuteron,—they have no charge and 


so are not repelled by the target nucleus. The breaking down of a nucleus into 


two parts of comparable size was called fission. 


Fission produces at least, ten 


times energy than an ordinary disintegration. This energy is produced because 
the original mass of the nucleus is greater than the sum of the masses of the 
products produced after fission and this mass-excess 


Einstein's equation E -mc?. 


Now, uranium has two isotopes of which 


it does not undergo fission. 


occurrance, is a very fissile element. 


appears as energy according to 


U-238 is abundantly available but 


The other isotope U-235 which is very rare in its 


In natural uranium there are only about 7 


U-235 atoms to 1000 of U-238. The entering neutron shakes up the structure of 


the nucleus, making it divide into two parts. 


An important feature of the action 


is that perhaps two or three nutrons are thrown off at the same time. The 


equation representing the fission m: 


ay be written in the following way : 


Su U 295 + ori — rs Ba paa Kr??--3 nt 


It expreses that a neutron (gr!) of mass number 1 bombarding an uranium nucleus 
(40995 splits it into barium of mass number 141 


92, and three neutrons are released. 


a chain reaction ; if more than one of the neutrons produced were able to cause 


and krypton of mass number 


It was recognised that this makes possible 


fission of another nucleus, the process would go ahead faster and faster, until after 


a very short time, all the nuclei would be fission 


amount of energy. 


ed, with the release of an enormous 
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„Chain reaction : 


Fig. 5.6 shows & scheme of chain reaction. In the scheme, it has been 
assumed that out of the three neutrons produced in a fission one is absorbed by 
the material and the other two cause fission in the neighbouring nuclei and main- 
tain the reaction. It is to be noted that in a small piece of U-235, many neutrons 
will escape and the chain reaction will not develop. 1n a large lump, the chance 


ee URANIUM ATOM 


@ FISSION PARTICLE 


5 


€ NEUTRON 


THIS NEUTRON 
STARTS FISSION 


Fig. 5.6 
of à neutron escaping without meeting fission nuclei is much less. So there must 
be a critical size—any small piece will not be able to maintain a chain reaction, à 
larger one will. , 

Calculations show that about 10,000 tons of gun-powder will be needed if 
the energy available from the fission of only a pound of U-235 is to be produced 
by the explosion of the gun-powder. The uranium fission reaction was first used 
successfully to produce heat energy on à large scale by the Italian physicist Enrico 
Fermi in 1942. Atomic bombs were, however, manufactured during the World 
War II, where this stupendous energy of atoms was used as an explosive. 


5.16, Energy released in nuclear fission : 

The energy released in nuclear fission is much more than the energy 
released in natural or artificial radioactive disintegration. The energy is derived 
from a loss of mass in the nucleus fissioned. Consider the case of fission of U? 
nucleus by neutron. Suppose the two fragments obtained as à result of the 
fission of U?** are barium and krypton. The process can be represented by the 


following equation : 
P 15 yi ry Be! d art +300 
It is to be noted that y2% nucleus may undergo fission in a number of ways, includ 
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ing the above which is very convenient for the calculation of energy release. Now, 
we shall find the total mass (actual) of the reacting nuclei (i.e. U? and neutron) 
and also the total mass (actual) of the product substances (i.e. barium, krypton 
and three neutrons) 
Mass of U?95—235:1175 a.m.u. 
» ,Heutron-1:00898 ,, 


Total mass of reacting nuclei —235:1175--1:00898 


—236:1265 a.m.u. 
Also,  , , barium nucleus—140:9577 a.m.u. 
» »krypton . , —91:9264 A 
» » three neutrons —3x1:00898 ,, 
Total ,, ,, the product substances—140:9577-:91:9264 +3 x 1:00898 
=235:911 a.m.u. 


Loss of mass—236:1265—235:911—0:2155 a.m.u. From Einstein’s equa- 
tion of equivalence between mass and energy (E—mc?) we know that 1 a.m.u. 
mass, on conversion into energy, liberates nearly 931 mev of energy. So, the 
energy liberated due to U?** nuclear fission—0:2155x 931—200 m.e.v. (nearly). 
This energy appears as heat energy. 


Calculation shows that the energy produceable on complete disintegration 
of only 1 gm of uranium 235 is equivalent to the energy available from the com- 
bustion of 10,000 tons of gun-powder ! Utilising this colossal energy, atom bombs 
were first manufactured during the last great war. 


5.17. Use of atomic energy : 


The nuclear energy is now being put to peaceful use as a source of 
industrial power. Ordinarily, the chain reaction is a very rapid and devastating 
process. It generates huge amount of energy within a very short time, 
causing nothing but destruction. The reaction should be brought under 
control if it is to be put to the welfare of the people. + Nuclear reactor is an 
arrangement for producing controlled nuclear energy. ` It is also called a nuclear 
furnace. In the reactor, some cadmium rods are used, known as control rods. 
Cadmium is a good absorber of neutroüs and these rods by absorbing neutrons, 
control the release of energy. The tremendous heat generated in the reactor is 
used to produce steam which operates a steam turbo-generator and produces 
electric power. In western countries, a number of nuclear reactors is in operation, 
producing electrical energy for industrial and other purposes. In India, too, we 
have several nuclear reactors and atomic power stations. Besides supplying 
electrical power, these reactors and power stations are also providing us radio- 
isotopes. which have manifold. uses. 


*5.18. Nuclear Reactor : 


Atomic energy is now-a-day harnessed for human welfare. Chain reaction, 
in general, is very rapid and intense. It produces huge amount of energy 
in a very short time which can cause. wanton destruction and nothing else. 
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If the release of energy is to be put to any welfare work, it should be controlled. 
Nuclear “reactor is such an arrangement which gives controlled release of 
atomic energy. It may also be called an atomic furnace. The nuclear reactor 
shown in fig. 5.7 is designed to, produce atomic energy which will generate 
electricity by producing steam. 

A few rectangular graphite blocks are used as core in a hard steel vessel 
which can bear'a very high pressure. In the graphite core there are several vertical 
narrow orifices which are filled up by rods of uranium. Uranium acts as a fuel in 


Hot gas 


S 


Thick concrete wall 


Turbine 


Graphite core-—— 


Uranium rods 


Fig. 5.7 


the atomic furnace. A few cadmium rods are inserted at random within the rods 
of uranium. These cadmium rods can be raised or lowered through narrow 
orifices similar to those existing in the graphite core. Cadmium rods are called 
control rods. j 

The material—Uranium—used in a rector contains two varieties of atom. 
Of these two varieties, U-235 atoms are significant. If, somehow, one or. two 
atoms of U-235 are fissioned, each produces light nuclei of barium and krypton 
and at the same time, releases three neutrons and some energy. These neutrons 
go to fission the neighbouring nuclei and maintain the chain reaction. 


Now, the graphite core used here acts as a, moderator. Its function is to 
slow down the fast neutrons to thermal ones. Thermal neutrons have been found 
to be more efficient than fast neutrons in respect of fission of U-235 nuclei. The 
cadmium rods are put in their proper positions before the rods of uranium are 
inserted. into the graphite core. Cadmium absorbs the neutrons emitted. by 
uranium fission. So, chain reaction will not be maintained and the reactor will 
be idle if the cadmimum rods are kept in their positions, Inserting sufficient 
uranium rods in the reactor, when the reactor assumes the critical size the steel 
chamber is sealed and the cadmium rods are raised up from the core. Tn this 
condition, the neutrons start nuclear fission process and the chain reaction 
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continues. The rate of fission can be easily controlled by raising or lowering a 
few cadmium rods. The process stops when all the cadmium rods are introduced 
fully ; only natural and spontaneous fission continues. 

The heat energy that is produced as a result of fission, is carried away by a 
current of high-pressure carbon dioxide gas and is allowed to circulate around 
a steam boiler. Carbon dioxide gas, at high pressure, is injected continuously 
inside the steel chamber by means. of pumps. The steam available from the boiler 
by this process is utilised in the conventional way to operate a turbo-generator for 
the generation of electric power. 


5.19. Nuclear fusion : 


In the preceding sections we have seen that the fission of heavy atomic 
nuclei can yield enormous quantities of energy. There is another process, even 
more powerful, called the nuclear fusion. It involves the combination of light- 
weight nuclei into heavier ones ; in this sense it is just the opposite of fission. 
From the point of view of energy release, the most profitable fusion reaction 
would be to put together four hydrogen atoms to form one helium atom 
according to the scheme : 

4,H1—,He*--2 positrons. 

When accurate mass spectrographic values are used, it turns out that the 
total mass beforehand is 0.03 mass units greater than that afterwards. If the 
difference were converted into energy according to Einstein's mass-energy equation 
E=mc?, it would amount to about 000004 erg per helium atom formed. This is 
seemingly not a great amount of energy but for any sizeable quantity of hydrogen, 
containing millions of atoms, it is enormous ! 


The process of fusion appears to be simple. But it is not easy to fuse the 
light nuclei into a single nucleus. The fusion process can be carried out only at 
extremely high temperatures. It is calculated that fusion is possible at a tempera- 
ture of the order of 10’ to 108 degree celsius. Therefore before fusion takes place 
thelight nuclei must have their temperature raised by several millions of degrees 
celsius. These type of reactions are called thermo-nuclear reactions. This high 
temperature can be attained during the explosive type of fission process. For 
this reason, it is said that to get energy from nuclear fusion, nuclear fission must 
precede fusion. 

In 1939, Bethe in the United States, concluded that fusion action can account 
for the tremendous heat of the sun and the stars. No other source ever suggested 
is at all large enough to furnish the huge quantities of energy that the sun has been 
radiating out into space for millions and millions of years. Einstein's mass 
energy equation tells us that as a result of this radiation of energy, the sun is losing 
mass at the rate of 4 million tons each second! Yet the sun is so large that the 
present solar mass will almost remain in tact even after million of years of radiation. 

It may be mentioned here that the thermonuclear bomb popularly known as 


hydrogen bomb, produces energy by a fusion reaction. For the same mass of 
reacting material, a fusion bomb produces about 30 times as much energy as a 


m ddl 


Eassy type : 
——— 
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fission bomb. In addition, a thermonuclear bomb does not require a critical 
size as in the case of a fission bomb and hence its size may be made as large as 
necessary. The possibility of a controlled fusion reaction is the subject of much 
current research. Limited success has been attained so far. Chief difficulty is 
the production of very high temperature of millions of degrees, which no known 
material, is capable of withstanding. 

ansfer one helium 


Example : Find the energy, in electron-volt, necessary 10 tr 
atom into four hydrogen atoms. Masses of helium and hydrogen atoms are respec- 


tively 4-0039 and 1-0081. Mass of one proton=1°661 x 10-9! gm ; 1 ev=16 x107" 
erg. [Jt. Entrance 1981] 

Ans. Total mass of 4 H,-atoms=4x 1:0081 a.m.u. 

Mass difference in He-atom=4x 1-0081 —4:0039—0:0285 a.m.u. 

Now, mass of one H,-atom=1-0081 a.m.u. and mass of one proton— 1661 
X10-?! gm. This indicates that 1:0081 a.m.u.—1:661 x 107?! gm. 


-i — 24 " 
0:0285 au, AIO O g 0047 10-9 gm ^ 


ired E-—mc*-0047 X 10-21x 9 x 10?? erg 
.,0047x 1074 X 9x 109^ 
1°6x 107? ex 
—2:64 x 10* e.v. 


Now, the energy requ 


Exercises 


m 

1. What is radioactivity ? How was it discovered ? What are its characteristics ? 

2. What radiations are given off by a radioactive body ? Mention the important pro- 
perities of these radiations. [H. S. Exam 1978,81] 

3. State. the difference between « and particles in respect of charge, mass and 
ionising power. [Jt. Entrance 1982] 

4. Describe an experiment to) show that three different kinds of radiations are emitted 
by a radioactive body. 

5. How do you ex! 
emit y-ray of single energy ? 

6. Electrons do. not resi 
Q-particles by radio active nuclei ? 

7. What is artificial transmutation ?. How was it first accomplished ? 


g nuclear reaction and explain fully the result 


plain the emission of y-rays from a nucleus 2 Does a nucleus always 


de inside a nucleus. How then can you explain the emission of 


[H. S. Exam. 1979] 
obtained : 
(Jt. Entrance 1983] 


ou understand by nuclear fission ?. Are nuclear fission and nuclear fusion 
lof. H. S. Exam. 1980] 


they give rise to energy ? 
the processes of nuclear fission and nuclear fusion. ,., 
[H. S. Exam. 1978, '82] 


8. Complete the followin: 

,N'- He*» 
9, What do y 
reverse processes ? How do 
10. Explain, with two illustrations, 
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11. State Einstein's law of equivalence of mass andenergy. How do you get an explanation 
of binding energy from the law ? 


. 12. Is the mass of an a-particle exactly equal to the sum of the masses of 2 free 
protons and 2 free neutrons ? If not, account for the difference. 


saws &*. Establish the relation between the half-life and disintegration constant of a radioac- 
tive substance. 
14, What are radioactive isotopes ? Explain, with equation, the formation of a few radio- 
isotopes. What are their uses ? . 
15, How does a nuclear reactor function ? 
16. What is nuclear fusion ? What is its difference with nuclear fission ? Are both of 
them sources of energies ? (Jt. Entrance 1981] 


Short answer type : 

17. What do you mean by hall-life and decay constant of a radioactive substance ? What 
is their relation ? [H. S. Exam. 1983] 

18. ‘Half-life of radium is 1622 years'—Explain. (H. S. Exam. 1978, '81] 

19. Does any change take place in the element when its radioactive nucleus disintegrates 1 
What is the law of such disintegration ? 

20. Why are o-particles called the nuclei of helium atom ? What is their velocity ? 

21. What are ‘tracer’ elements ? Why are they so called ? 

22. By bombarding the: nuclei of ,54/? by «-particles radioactive isotopes of,,p*"are pro- 
duced. It disintegrates into 1,Si*? by ejecting a positron. Write the transformation equations. 

IH. S. Exam. 1979] 

23. jsp"? radioisotope emits @-particle and is converted to ,,9??. Write the equation of 
transformation. [H. S. Exam. 1981) 

24. If an aluminium atom (;34/") is bombarded with a proton (4H), a helium atom (,He') 
and another atom are produced. What is the structure of the second atom ? Can you identify 


it? [H. S. Exam. 1984] [Ans. 43M£*'] 

25. To get energy from nuclear fusion, nuclear fission must precede fusion. Explain the 
meaning of the statement. Ut. Entrance 1981, °83} 
Objective type : 


26. Fillin the gaps in the following cases ; 
(a) Of the different radioactive radiations, in respect of penetrating power, first comes——, 
then——and last of all——. 
"(p) When a f-ray is emitted by a radioactive body, there is no change in the——of the 
product atom but——is raised by one unit. 
(c) Electron and positron are——in their electrical nature but——in their masses. 
(d) When an a-particle is emitted by a radioactive body, the—————of the product atom 
is less by 4 units and——by 2 units. 
(e) y-rays are——like ordinary light and their——are of the order of 107! cm. 
(f) Beta rays emitted by a radioactive material are (i) electromagnetic radiation (ii) electrons 
orbiting round the nucleus (iii) charged particles emitted by the nucleus (iv) neutral particles. 
"Which is correct ? 


Numerical problems : 


27. An isotope of carbon has its mass number 14. How many protons and neutrons does 
itcontain. This isotope of carbon has a half-life of about 6000 years. In how many years will an 
amount of this carbon be reduced to 1/8 th, of its original value ? 
jat Ut. Entrance1982] [Ans. 14 ; 18000 years] 
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28. The half-life of a radioactive substance is 2 hours. If the initial mass of the substance 
is 5 gm, how much of it will remain after 10 hours ? . [Ans, 0:156 gm] 
29. The radio-isotope pU? of uranium undergoes two successive (-decays and trans- 
forms to an isotope of plutonium (Pu). Determine the atomic number and mass number of the 
new isotope. [Jt. Entrance 1983] [Ans. Z —94 ; A=239] 
30. The radioactive isotope 7//?*(Z—90) emits successively six a-particles and four beta 
particles, -What is the mass number and atomic number of the resulting isotope ? Can you 
identify it ? [H. S. Exam. 1983] [Ans. Z—208 ; A=82 ; lead] 
31. If «-particles are used as projectiles to transmute a nucleus of mass number A and atomic 
number Z, what will be the values of A and Z of the product nucleus if (i) protons are ejected 
(ii) neutrons are ejected ? 
[H. S. Exam. 1979] [Ans. (i) A=A+3 ; Z-Z 1 (ii) 4—44-3; Z=Z+2] 
32. The mass number and atomic number of radium atom are 226 and 88 respectively. 
It decays in radium-C atom through successive emission of 3 a-particles and 1 (-particle. Find 
the mass number and atomic number of radium-C. [Ans. 214 ; 83] 
33. Find the decay constant of radium whose half-life is 1620 years. 
[Ans. 4:28 10~ per year] 
34. Calculate the time in which the activity of a sample of thorium reduces to 907; of its 
original value. Half-life of thorium= 1:4 x 10? years. [Ans. 2°108 x 10° years] 
[Hints : Apply the formula N=N Mt] 
35. ,C nucleus disintegrates emitting positive @-particle. What is the atomic number and 
chemical name of the new nucleus ? [Ans. 5] 
[Hints : ,C>,B4 10°") 
36. If an aluminium atom (,34/*) is bombarded with a proton (4H!) a helium atom (,He*) 
and another atom is produced. What is the structure of the nucleus of the second atom ? 
LH. S. Exam 1984] [Ans. 14Mg"*] 
37. From the following equations, pick out the possible nuclear fission reaction : 
(a) eC! -4H1-,C!*-2-4:3 Mev. 
(b) C -,H 1 N'-2Mev. 
(© N -,H15,0!3-7:3 Mev. 
(d) oU? + rfr, Xel + s Sr! ori! + on +7 +200 Mev. 
38. In the uranium radio active series, the initial nucleus is U?" and thefinal nucleus is 
,íiPb?9*, When uranium nucleus decays to lead, the number of «-particles emitted is .... and 


the number of @-particles emitted are. . . .. [LLT. 1985] [Ans. 8 ; 6] 
39. Find out X, Y and Z of the following : 
(i) 134l +H’ >u Si" +X (iv) sLit+,H®=>:He' +X 
Gi) pU + Hex, Pu! + Y (v) C4 Y, S?*-- He* 
Gii) Pusi (vi) ,Be*-- ,He'Z4 on. 


40. If 1 kg. of a substance is fully converted into energy, how much energy is produced ? 
[Ans. 9x 10" joules] 


41, Calculate the binding energy of an alpha-particle in Mev, given mass of a proton=1:00758 
a,m.u, mass of a neutron= 1:00897 a.m.u. and mass of helium nucleus=4-0028 a,m.u, [Ans. 28.21] 
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APPENDIX 


Bohr’s theory of hydrogen spectrum : 

By applying Bohr’s postulates on a hydrogen atom, we shall see how Bohr 
determined the wavelengths of different line spectra produced by hydrogen atom. 
Consider an atom whose atomic number is Z i.e. its nucleus contains Ze amount 
of positive charge and an electron of negative charge e revolves round the nucleus 
in a circular orbit of radius rn with the nucleus at the centre. This atom is 
like a hydrogen atom because for hydrogen Z—1 and hydrogen atom has one 
revolving electron. 


: 3 mv? : 
The centripetal force acting on the electron=——. This force comes from 
n 


the electrostatic attraction of the nucleus on the electron. This attractive 


3 mv? Ze? Ze* s 
Pesos... 2 £ Dua e cer AD E (i) 
Fn? r; 2 Tn rn? Tn 
; R nh nh 
According to Bohr's second postulate, mUra=— or v= 
27 2rmr'n 


Putting this value in egn. (i), we get 


b: nh M. Ze? of n i) 
— ]=—. n=, ii 
2rmr'n Tn 4x?mZe? 


Putting n=1, 2, 3, etc. eqn. (ii) we get the radii of different quantitised orbits, 
Further we can also calculate the velocity of the electron revolving in the nth 
quantised orbit from the above consideration. If v; be the velocity of the electron, 


nh _ nh x 4x*mze* — 2nze? 
uen an mmm — dnm n*h? nh 


Now we shall find the wavelength of spectial lines radiated by an atom 
by the application of Bohr’s third postulate. 

While revolving in the nth quantised orbit, the electron has kinetic energy 
as well as potential energy. From the definition of potential energy, we can write, 
RES Ze* 


Tn 


Negative sign din that energy is to be supplied to the atom in order to 
take the ‘electron’ from the nucleus to the infinite orbit where the energy is zero. 


Ej-y 


The kinetic energy of the electron, Ems =o [From eqn. (i)] 


So, the total energy of the electron in the nth oe 


[ i] 
2 
Putting the value of rn from eqn (ii), we get En= = .. (iii) 


When transition of electron takes place from an orbit of quantum number 7, to 
an orbit of quantum number m, the difference of energies in the two orbits is, 
according to Bohr’s third postulate, radiated as a photon of energy hv. So, 

SOS Wpil o 2z?me'Z?[ 1 1 

Sea AER eo p sn 


n 
sai Ax 1_ 2n*met. aml [ x» 24 
e X Chao Dis Nee : X 
For hydrogen atom Z—1 ; So, 
B 10e [i ajel 
X ch? mi nè n? n 


2x*me* 
=a constant, known as Rydberg constant. 
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WEST BENGAL HIGHER SECONDARY EXAMINATION, 1985 
PHYSICS—Second Paper 


1. (a). Explain with a diagram what umbra and penumbra are. 
(b) Why are the shadows of birds not seen when they fly at a height ? 
(c) Howis the rectilinear propagation of light proved by the pin hole camera ? 
(d) A 6 cm high image of a tower is formed inside a pin hole camera when 
placed at some distance from the tower. From another point 10 metre farther 
from the tower in the same straight line the image is 4 cm in height. What is 
the height of the tower ? Camera box is 20 cm long. [Ans. 600 cm] 
2. (a) Write down the two laws of refraction of light. 
(b) What do you mean by the statement, ‘Refractive index of light in water 
is 1:33? 
(c). Explain with diagrams what you mean by total internal reflection of 
light and critical angle. 
(d) Refractive index of water is $. What is the critical angle for water ? 
[sin 48°30’ —0:75] 
A nail is fixed perpendicularly to a circular wooden disc at its centre. The 
disc is floated in water with the nail downwards. What must be the ratio of 
the longest possible length of the nail to the radius of the disc, so that the nail 
is completely invisible from air ? [Ans. 48°30’, /7:3] 
3. (a) Define the principal focus of a diverging lens and show it in a diagram. 
(b) With the symbols having their usual meaning deduce the following 


formula for a converging lens : 
pot 4 
ou f 
(c) Image of a film 50 times magnified in height is to be formed on a screen. 
If the focal length of the lens in 7:5 cm, at what distance from it should the screen 
be placed ? What will be the distance of the film from the lens under such con- 
dition ? [Ans. 382:5 cm. 7°65 cm] 


4. (a) Discuss the defect of vision of the human eye called ‘hypermetropia’ 
or long-sight on the following points : 

(i) nature of the defect ; 
(ii) its cause ; 
(iii) its remedy. 

(b) A long-sighted person cannot read from points nearer than 40 cm. 
What should be the power of eyeglasses suitable for the person, if he wants to 
read from a distance of 25 cm ? [Ans. l'5D] 

5, (a) Define c.g.s. unit of magnetic pole. 

(b) The pole strength of each pole of a bar magnet is 20 ¢.g.s. units. How 
much force will act on each pole of it when placed in a uniform magnetic field 
of intensity 100 Oersteds ? 


[ vii ] 


If the axis of the magnet lies inclined to the magnetic field at an angle of 
4S and its effective length is 7:5 cms, then what will be the moment of the couple 
acting on it ? [Ans. 75004/2 dyne-cm.] 

(c) Define the Dip of the terrestrial magnetism of a place and explain it 
with a simple diagram. 

:6.:(ad) What do you mean by the capacity of a capacitor ? 

(b) Explain on what factors and how the capacity of a capacitor depends. 

(c) On charging a capacitor with 10 e.s.u. of charge its potential rises from 
zero to 150 volts. What is its capacitance ? How much energy is stored in it ? 

[Ans. 5e.s.u., 0:625 erg.] 

7. (d) What is a secondary cell ? Why is it so called ? 

(b) Explain the action of any type of secondary cell. 

; (c) What do you mean by the statement, ‘The capacity of a secondary cell 
is 30 ampere-hours’ ? How much electric charge can be drawn from it without 
damaging it ? [Ans. 108000 coulomb] 

8. (a) State Ohm's law. 

. (b) What do you mean by the resistance of a conductor ? 

(c) What is resistivity ? On what factors does it depend ? 

(d) Alump of copper weighing 10 gms is given. What should be the length 
and the cross-section of a wire made from it so that its resistance may be 2 ohms ? 
[Density and resistivity of copper are 9 gm/cc and 1:8 10-* ohm-cm respectively.] 

[Ans. 11111 cm., 107? sq.cm.] 

9. (a) Through a coil of wire of resistance 50 ohms a current of 2 amperes 
is passed for 5 minutes. Find : 

(i) How much electric charge has flown through the coil ? 

(ii) How much work has been done by the source of e.m.f. ? 

(iii) How much heat has been produced ? 

[Ans. (i) 600 coulomb, (ii) 60000 joule, (iii) 14400 cal.] 

(b) A tangent galvanometer and a silver voltameter are connected in series 
and a current is passed through them for some time. On the cathode of the 
voltameter 0:112 gm of silver is deposited in 5 minutes and the deflection of the 
galvanometer remains 30° all through. What is the value of the reduction factor 
of the galvanometer ? [E.C.E. of silver=-00112 gm/coulomb] 

A 1 
nse 
104/3 

10. (2) A current is passed through a wire for some time. How does 
the heat developed in the wire depend on each of the following factors ?— 

(i) Length of the wire, (ii) its cross-section, (iii) resistivity, and (iv) the 
p.d. across the two terminals of the wire. 

[In the first three cases, assume the p.d. to be constant.] 


(b) Define the B.O.T. unit of the electrical energy consumption. 


[ix ] 


(c) The main-meter of a house is marked 10 Amp-220 volts. How many 
60 watt lamps may be used in the house with safety ? [Ans. 36] 


11, (a) Draw a diagram of a simple A. C. Dynamo and explain its action. 

(b) State how the e.m.f. of the dynamo stated above will be affected in 
the following Cases : 

(i) Intensity of the magnetic field is doubled. 

(ii) Number of turns of the coil is increased 5 times. 

(iii) Rate of rotation of the coil is decreased. 

(iv) Area of the coil is increased. 

In each of the above cases, assume that the other factors remain unchanged. 


(c) What is the source of electrical energy generated in a dynamo ? 


12. (a) What are cathode rays ? How are they produced ? 

(b) How can you experimentally show that cathode ray particles travel 
in straight lines and carry negative charge ? 

13. (a) Describe a thermionic diode and explain its action. 

(b) Explain the principle of rectification of an A.C. voltage by a diode. 


14. (a) What is radioactivity ? 

(b) What is the ratio of the masses of alpha and beta particles emitted 
from radioactive atoms ? What is the ratio of their charges ? 

(c) The nucleus of a Polonium atom is represented as g,Po?!*. What do 
you mean by this ? Due to radioactivity an alpha particle and two beta particles 
are ejected from it in succession, State the nuclear structure of the atoms formed 
at each stage. 

15. Write short notes on any two : 

(a) Semiconductor diode. 
(b) Phototube and its use. 
(c). Artificial transmutation. 


JOINT ENTRANCE EXAMINATION, 1985 


1. (ad) A swimmer sees only hazy contours of objects when he opens his 
eyes under water, while they are distinct when using a mask. Why ? 

(b) The ratio between the wavelengths of the incident and refracted waves 
of light is its refractive index. Give reasons. 

(c) ^^ block of ice floats on water in a beaker filled to the brim. What would 
happen to the level of water when the ice melts into water (i) at 0°C (ii) at 4°C ? 

(d) Explain why felt rather than air is used for thermal insulation even though 
the thermal conductivity of air is less than that of felt. 

(e) Explain with scientific reasoning, ‘Water placed in a vacuum boils at a 
lower temperature and gets cooler during boiling.’ 


[x] 


2. (a) 6 cu ft of water is heated in a’ bath tub on a gas burner to raise it 
from 55°F to 100°F. The heat of combustion of the gas is 600 B.T.U. per cu 
ft and it costs one rupee per thousand cubic foot, What is the cost of heating 
the water in the bath tub if 70 per cent of the fuel heat is utilised in heating the 
same ? [Ans. 4 paisa] 

(b) 1f 70,000 cal of heat are abstracted from 100 gm of steam at 100°C, what 
will be the result ? 

[Latent heat of fusion of ice—80 cal/gm and latent heat of steam —539 cal/gm] 

[Ans. 7625 gm ice and 23:75 gm water at 0°] 


3. (a) What effect will be produced on (i) the dew point and (ii) the relative 
humidity, when the temperature of a room is increased ? 

(b) Two rods A and B are of equal length. The temperatures at the two 
ends of each rod are T, and T, Under what condition will the rate of flow of 
heat in the rods be equal ? [Ans. Kin =K] 

(c) An iron rod connected the opposite sides of a circular iron ring. If the 
system is equally heated, will the ring remain circular ? Explain. 

(d). A concave lens made of a material of refractive index p is immersed 
in a medium whose refractive index is greater than u. Trace the path of the 
emergent rays when a parallel beam of light is incident on the lens. 


(e) Define candela as the unit of luminous intensity. How is it related to 
lumen ? 

4. (a) In which case will the tension in a rope be greater : when two men 
pull the ends of the rope with equal force F in opposite directions or when one 
end of the rope is fastened to a support and the other is pulled by a man with a 
force 2F ? Why ? 

b) Acaris moving with a uniform velocity. Is the engine of the car doing 
any work under this condition ? 

(p). When & ges fitted. baloon rises up, it gains both kinetic and potential 
energy. How does the principle of conservation of energy apply in this case ? 

(d) How would you test whether the space above mercury column in a 
barometer tube contains air or not ? 

(e Why don't we observe interference effects between the light beams 
emitted by two torch lights ? 

5. (a) (i) Two 60 cm long identical sonometer wires are stretched by the 
same tension to give a note of frequency 300. By how much should the length 
m be altered to give 5 beats per second ? 

[Ans. 0:99 cm decrease or 0:01 cm increase] 

(5 A ines -p of frequency 256 vibrations per second is to be mounted 
on a wooden box with one end open to reinforce its sound. How long should 
be the sound box ? zi : uk nein 

by A tuning fork having a frequency of 340 vibration/sec is vi ; 
fias cylindrical tube. The height of the tube is 120 en Water ae 


of one of the 


bg ae ee a? ee Te 
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poured into it. What is the minimum height of water required for the resonance. 
^ i [Ans. 46°76 em] 


6. (a) A person travels half the distance to his destination at an average 
speed of 24 miles/hr. At what speed must he travel so that the average speed 
for the entire trip is 32 miles/hr. ? [Ans. 48 miles/hr.] 


(b) A cricket ball is caught by a player 5 seconds after being hit by the bats- 

man. How high did the ball rise in its flight ? [g=980 cm/sec?] 
[Ans. 30:62 metre] 
(c) A bullet is fired from an aeroplane travelling horizontally at a speed of 
300 miles/hr. The pilot hears the echo of the sound reflected from the ground 
after 4 secs. Find the height of the plane from the ground. [Vel. of sound 
in air—1120 ft/sec] [Ans. 2060 ft] 
(d) A glass ball of density 2:6 gm/c.c. is coated with a thick layer of wax 
of density 0'8 gm/c.c. If the combination floats in water completely submerged, 
compare the volume of wax with that of glass ball. [Ans. 8] 


(e) How are the harmonics produced related with the fundamentals in the 
case of a closed organ pipe and an open organ pipe ? 


7. (a) Explain why the spectrum of hydrogen has many lines although a 
hydrogen atom has only one electron. 


(b) In what way does the passage of electric current through electrolyte 
differs from conduction of current through metal ? 


(c) Two conductors carry like charges of the same magnitude. Can there 
be a potential difference between the conductors ? 

(d) A permanent bar magnet falls through a metal ring. Will the magnet 
fall with the acceleration of a freely falling body ? 


(e) An alternating voltage can be amplified by a triode. Where does the 
added energy in an amplifier come from ? 


8. (a) Two identical magnetised needles each of mass 4 gm and length 
20 cm are suspended with their south poles together. In equilibrium the two 
north poles move apart until the distance between them is 4 cm. Find the pole 
strength of each needle. Assume that the poles are concentrated at the ends of 
the needles. [Ans. 56 unit (nearly)] 

Explain what is meant by saying that the pole strength of a magnetic pole 
is 30 unit. 


(b) Two negative charges of unit magnitude each and a positive charge q 
are placed along a straight line. At what position and for what value of q the 
system will be in equilibrium ? Check whether it is in stable, unstable or neutral 
equilibrium. [Ans. centre, unstable] 

A positive charge Q e.s.u. is located at a point. What is the work done 
if a unit positive charge is carried from one point to another along a circle of 
radius r about this charge Q ? Explain the answer. [Ans. 0] 
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9. (a) A parallel plate condenser of area 1 sq metre and dielectric constant 
7 is charged to a potential of 300 volts. It the distance between the plates is 
0:01 cm, find the energy stored in the condenser. [Ans. 2°8x 10° erg (nearly)] 

(b) The temperature of 0:3 kg of paraffin oil in a vacuum flask rises 1? per 
min with an immersion heater of 12:3 watts input. 

On repeating with 0:4 kg of oil the temperature rises by 1:2°C per minute 
for an input of 192 watts. 

Find the specific heat capacity of the oil and the thermal capacity of the 
flask (assumed constant). [Ans. $—0:53, Th. cap—17:3 cal.] 

10. (a) 12 cells each having the same e.m.f. are connected in series and 
are kept in a closed box. Some of the cells are wrongly connected. This battery 
is connected in series with an ammeter and two cells and the battery aid each 
other. The current is 3 amp when the cells and the battery aid each other and 
is 2 amp when the cells and battery oppose each other. How many cells in the 
battery are wrongly connected ? [Ans. 1] 

(b) A single electron orbits around a stationary nucleus of charge Ze, where 
*Z' is constant and ‘e’ is the magnitude of the electronic charge. It requires 
47-2 e.v. to excite the electron from the second Bohr orbit to the third Bohr orbit. 
Find the value of Z 

e=4'8 x 1072? e.s.u. ; 4h—6:55 X 107?" ergs/sec. ; m=9-06 x 10-28 gm 

1 ev=1°6 x 107? ergs. [Ans. z=5] 


WEST BENGAL HIGHER SECONDARY EXAMINATION, 1986 


PHYSICS —Second Paper 


1. (a) Explain the annular eclipse of the sun with the help ofa figure. 
(b) Prove that the reflected ray rotates through twice the angle of rotation 
of a plane mirror. 
(c) Show how an image is formed by a plane mirror and prove that the 
image distance is equal to the object distance. 
(d) What is meant by virtual image and real image ? Explain with 
examples. 
2. (a) What do you mean by total internal reflection of light and critical 
angle ? Find the relation between them. 
(b) Determine the velocity of light in glass, if the velocity of light in 


vacuum is 3x 101? cm/sec, and refractive index of glass is L5. 
[Ans. 2x 10! cm/sec} 


(c) Prove that the minimum distance between the screen and the object 
should be four times the focal length of a convex lens for the formation of a real 
image by such a lens. 

(d) The power of a lens is--4 D. What is the focal length and nature 
of the lens ? [Ans. —25 em ; convex] 

3. (a) Deduce the relation between the object distance, image distance and 
focal length of a concave mirror. í 

(b) What type of mirrors are used (i) as shaving mirror and (ii) as a 
driving mirror by the side of the driver of a motor car and why ? 4 

(c) Using à spherical mirror, an image of a candle flame is formed four 
times enlarged on a screen 9 cm away from the flame. Find the nature, position 
and focal length of the mirror. [Ans. 2:4 cm.; concave, 3 cm. from candle] 


4. (a) Explain the angle of minimum deviation of a prism with the help of 
a graph. 
(b) Explain the principle of action of a total reflecting prism. 
(c) Define emission spectrum and absorption spectrum. How do 
Fraunhofer lines appear in the solar spectrum ? 
(d) What do you mean by short-sight of the human eye ? 
5. (a) Define intensity of à magnetic field at à point. 
(b) What are magnetic lines of force and what are their characteristics ? 


(c) Define neutral point. Explain why neutral point fora bar magnet 
whose north pole is pointing north, lies on the perpendicular bisector of the 


magnet and not at any other point. 
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(d) The distance between two magnetic poles is 10 cm. The pole strength 
of one is five times that of the other. The force acting between them in air is 
equal to 80 dyne. Find out their pole strengths. [Ans. 40; 200 unit] 

Or (a) Describe briefly the molecular theory of magnetism. 

(b) The horizontal component of earth's magnetic field at Calcutta is 
0:35 oersted and dip angle is 30° N. Find the total intensity of the earth's magnetic 
field at Calcutta. [Ans. :7/4/3 oe.] 


(c) What do you understand by Curie point ? 
(d) What will you choose—iron or steel—in making a permanent magnet 
and why ? 


6. (a) What is the working principle of a lightning arrester ? 
(b) Describe with the help of diagrams the charging of a gold-leaf electro- 
scope positively by induction. 
(c) A positive charge of 20 e.s.u. is situated at a distance of 30 cm from 
a negative charge of 30 e.s.u. What is the potential at a point lying between the 
two charges on the straight line joining them at a distance of 10 cm from the first 
charge ? At what point will the potential be zero ? 
[Ans. 0:5 e.s.u.; 12 cm.] 
(d) What do you mean by an electron-volt ? 


Or Describe a Van de Graaff generator and explain how it works. 


7. (a) State and explain Faraday's laws of electrolysis. 
(b) What are the defects of a simple voltaic cell ? State the method of 
rectifying any one of them. 
(c) A metal plate of surface area 300 sq. cm has to be coated with nickel. 
What will be the thickness of nickel coating on the plate if a current of 1-5 ampere 
flows for three hours ? Density of nickel is 8:8 gm/cc and E.C.E. of nickel is 
0:000304 gm/coulomb. [Ans. 27:3 x 10- cm] 


8. (a) ABC isa triangle made up of wire. The resistances of the sides AB, 
BC and CA are respectively 40, 60 and 100 ohms. What is the equivalent resistance 
between the points 4 and B ? [Ans. 32 ohm] 


(b) Explain with diagram how an unknown resistance can be determined 
using Wheatstone bridge principle. — 


(c) A.moving coil galvanometer has a resistance of 10 ohms and the 
maximum current that can flow through it is 1 milliampere. What will you do 
to convert it into an ammeter reading upto 10 amperes ? — [Ans. 0001 ohm shunt] 

9. (a) State and explain Faraday's laws of electro-magnetic induction. 

(b) What do you mean by a non-inductive coil ? 

(c) What is Seebeck effect ? Explain neutral temperature with the help 
of a diagram. T 


10. Write short notes on (a) alternating current and (b) d.c. motor. 


ie ae 


11. (a) What is photo-electric effect ? 
(b) Explain Einstein’s photoelectric equation. 
(c) When a radiation of frequency T5x104 Herz is incident on a metal 


surface, electrons are emitted whose maximum energy is 6x 10-1? joule. What 
is the lowest frequency of radiation required for emission of electrons from the 
said metal surface 2 h=6'62 x407? erg — second. [Ans. 5°08 x 104 Hz] 


12. (a) Describe an apparatus for production of X-rays and explain its 
working principle. 

(b) What are the differences between X-rays and. cathode rays ? 

(c) Write down the postulates of Niels Bohr relating to atomic structure. 
13. (a) What are N-type and P-type semiconductors ? 

(b) Explain how a P-N junction acts as a rectifier. 

(c) What is the nature of Q-rays ? 
14. Write short notes on (any two) : 

(a) Nuclear fission. 

(b) Radio-isotope and its use. 

(c) Basic principle of radio broadcast. 

(d) Nuclear fusion. 


JOINT ENTRANCE EXAMINATION, 1986 


1. What will happen to the value of the acceleration due to gravity, g if (/) the 
earth stops rotating, (ii) the speed of the earth increases ? 


2. A vessel of water filled up to the rim is placed on one of the pans of a 
balance. Then on the other pan is placed another vessel, also filled up to the rim, 
but with a piece of wood floating in it. Which of the two is heavier ? 


3. A hollow iron ball just floats in water at 10°C. What will happen if both 
water and the ball are heated to 50°C ? 


4. Light from an object falls on a concave mirror forming a real image of the 
object. If both the object and the mirror are immersed in water, will there be any 
change in the position of the image ? 


5. Two hollow conductors are charged positively. The smaller one is at 
30 V and the bigger one is at 100 V. How should they be arranged such that 
positive charges flow from the smaller to the bigger conductor when connected 
' by wire ? 

6. A metallic wire has a certain resistance. If the wire is stretched so that 
its length is doubled, what happens to the value of its resistance ? It may be 
assumed that the volume and resistivity of the wire remain unchanged. 


fon The liquid inside an electric kettle begins to boil 15 min after bei ng switched 
on. _ The heating element consists of a coil of wire 6 m long. How should the 
heating element be modified so that the liquid inside the kettle begins to boil 10 
min after being switched on ? Neglect the loss of heat to the surrounding atmo- 
sphere. [Ans. 9 cm] 

8. A boy sitting on a vehicle moving at a constant acceleration throws a ball 
straight up into the air. Where will the ball fall ? Justify your answer. 

9. Why is it necessary to note the barometric height when determining the 
upper or lower fixed point of a thermometer ? 

10. Distinguish between a gas and a vapour. The critical temperature of 
CO, is 31°4°C, state if it is a gas at 25°C. 

11. What will be the work done on a unit positive charge to move it from 
One point to another on an equipotential surface ? Explain. 


12. Why a potentiometer and not a voltmeter is used for accurate measure- 
ment of the e.m.f. of a cell ? 


. 13. Calculate the energy in electron volt co esponding to the compton wave- 
length 0:0242 A. [Ans. 1:7x105 ev] 


14. What repulsive coulomb force exists between two protons in a nucleus 
of iron ? Assume a separation of 4:0x 1075 metre. [Ans. 1-44x 10° erg] 


15. Give interpretation of temperature of a gas f; t Er 
kinetic theory of gas. ; gas from the stand-point of 
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16. A simple pendulum with a hollow spherical bob is taken. 
(a) How will the time-period change if the bob is completely filled with a 
liquid ? 
(b) How will the time-period change if the bob is partly filled with a 
liquid ? Give reasons of your answer. 
17. The equation of a progressive wave is given by y=15 sin (660xt —0-027x) 
cm. Calculate the frequency and velocity of the wave. [Ans. 330 ; 3,300 m/sec] 
18. What do you mean by elasticity ? Which is more elastic between steel 
and diamond ? Give reason of your answer. 
19. A piece of ice of 100 gms of sp gr 0:9 is floating on a liquid of sp gr 1:06, 
kept in a vessel, with a portion within liquid. Will there be change of level of 


liquid when the entire piece of ice melts ? Give reason of your answer. 
[Density of water is 1 gm/cc]  [Ans. No change] 

20. Why do the rising and the setting sun appear red ? 

21. Under what circumstance a person, standing on a lift, feel himself 
weightless ? 

22. Why do you adjust deflection near about 45° while performing experi- 
ments with tangent galvanometer ? ` 

23. Define atomic weight and atomic number of an element. Explain 
which one of these two determines the chemical properties of the element. 

24. What is meant by half-life period of a radio-active substance ? If half- 
life period of a radio-active substance be 2 days then after how many days will 
-4th part of the substance be left behind ? [Ans. 12 days] 

25.. Show that the equivalent resistance of parallel combination of resistances 
is less than the smallest resistance of the combination. 

26. Steam containing some water at 100°C is passed into an empty 10 kg 
vessel originally at 15°C. When the temperature has risen to 60°C, the water in 
the vessel is found to weigh 150 gm. What is the percentage of water in the 
mixture ? [Latent heat of steam—540 cal/gm ; Specific heat of the material of 
the vessel=0°12] [Ans. 3°7%] 

27. - (a) Find the angle of incidence and also the angle of deviation of a ray 
of light that passes symmetrically through a glass prism having refracting angle of 
80°. [u of glass=1'S ; sin 40?—0:6428 ; sin 74°37’ —0:9642] 

[Ans. 74°37’; 69°14] 

(b) What is the greatest value of the refractive index for which light can 

pass in this way through an 80° prism ? What is the corresponding angle of 
deviation ? [Ans. 1:56, 100°] 

28. A magnetic needle of mass 7:5 gm has a magnetic moment of 98 units. 
If the needle is to be maintained horizontal in the northern hemisphere, where 
should the point of support lie relative to its centre of gravity ? Assume that the 


vertical component of the earth’s magnetic field is 0°25 oersted. 
[Ans. 3:33 x 107? cm, from C.G.] 
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29. A factory requires a power of 90 kw. It has to be transmitted to the 
factory through lines of total resistance 2:5 2. If 10% of the power generated 
is lost in transmission, calculate (i) the transmission line current, (ii) the potential 
difference at the generating station and (iii) the drop of potential due to line resi- 
stance. [Ans. 63:26 amp. 1581 V; 158:13 V] 

30. A glass plate of length 010 metre, breadth 0'0154 metre, and thickness 
2x 107? metre, weighs 8:2x 107? kgm in air.. With its long side horizontal, if it is 
held vertically and its lower half is immersed in water, what will be its apparent 

s weight ? Surface tension of water—0:073 N/m. [Ans. 8:18 gm-wt.] 
. 31. A body initially at 353°K cools down to 337°K in 5 minutes, and to 
325°K in 10 minutes. What will be its temperature after 15 minutes and what is 
the temperature of the surroundings ? [Ans. 316°K, 289°K} 

32, Determine the amount of s,Po?!^ necessary to provide a source of 
«-particle of 5 millicurie strength. Half-life (T) of ;,Po?!9—138 days. 

[Ans. 1:1 x 107? gm] 

33. (a) A train is whistling, while approaching a platform with a speed of 
90 km/hr. The frequency of sound of the whistle is 600 cycles/sec. If the velocity 
of sound be 325 km/sec, calculate the value of apparent frequency of sound of 
the whistle to an observer standing on the platform. [Ans. 650] 

(6) A person, while running towards a cliff with a speed of 4 metre/sec, 
fires a gun when he is 2 km away from the cliff. Where and when will he hear the 
echo if the velocity of sound be 330 metres/sec ? [Ans. 11°9 sec., 1952 km] 

34. (a) A scale made of steel gives correct length at 0°C. A copper rod 
shows 100007 metre when measured by this scale at 10°C. Calculate the actual 
length of the copper rod at 0°C. 

acu=19 x 1079/^C, «5166112 x 1079/^C [Ans. 1 metre] 
(b) A metal rod is placed between two supports such that there cannot be 
any expansion in either direction. Calculate the thermal stress when the tempe- 
rature of the rod is raised by 30°C. 
Coeff. of linear expansion of the metal=12 x 10-5/^C 
Young modulus of the metal=20 x 10" dynes/cm? 
[Ans. 7:2 105 dynes/sq. cm.] 

35. (a) An object 5 cm long is placed 12 cm from a convex lens of focal 
length 8 cm. Find out the position of the image. What would be the size of the 
image ? [Ans. 24 cm opposite to the lens ; 10 cm.] 

(b) Explain with diagram the half-wave rectification of alternating current 
by using vacuum tube diode. 


WEST BENGAL HIGHER SECONDARY EXAMINATION, 1987 
SECOND PAPER 
Group—A 


1. (a) State the two laws of reflection of light at a plane mirror. Explain 
with the help of a diagram the lateral inversion of an image formed by such 
reflection. 

(b) Two plane mirrors are inclined such that for any angle of incidence on 
a mirror, the reflected ray, obtained after reflections from the two mirrors will be 
parallel to the incident ray. Find the angle of inclination between the mirrors 
and give a neat ray diagram. 

(c) Why is a cinema screen white and rough? What would be the harm 
if the screen be polished? 

2. (a) Explain with neat diagram the formation of image of an extended 
object by reflection from a convex mirror. Obtain the relation between object 
distance, image distance and the focal length of the mirror. 

(b) An object is placed at right angle to the principal axis of a concave 
mirror of focal length 25 cm and the image is formed in front of the mirror at a 
distance of 100 cm from the mirror. Find the position of the object and the 
magnification of the image. [Ans. 33:3 cm; 3] 

(c) Explain how you would determine whether a mirror is concave, convex 
or plane. i 

3. (a) Write down the laws of refraction on plane surface. What is 
sin [(A4-3m)/2] 

sin [A/2] 
light through a prism, assuming that in case of minimum deviation of emergent 
ray, the angle of incidence is equal to the angle of emergence. p, A and àm haye 
their usual significance. 

(b) Show by diagram how an incident ray can be deviated by 180° with 
the help of a prism. 


4. (a) Ifan object be placed at a distance of 60 cm from a convex lens of 
focal length 20 cm, a real image is formed behind the lens. Obtain the position 
of the image and its magnification. [Ans. —30 cm ; 4] 

(b) What do you mean by pure and impure spectrum? Describe in brief 
how a pure spectrum of white light can be obtained on a screen. 

(c) Why does the colour of a green body. appear green when it is illuminated 
by white light? What will its colour look like when it is illuminated by yellow 
light? Explain your answer. 


refractive index? Deduce the relation, p= in case of refraction of 


Group—B 
5. (a) Define the magnetic axis and magnetic length of a magnet. 
(b) Describe in brief the production of magnetism by induction. Explain 
the statement “Induction precedes attraction". How can you explain induction 
in the light of molecular theory of magnetism ? 


* 
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(c) What are self-demagnetisation and magnetic keeper ? 
Or 

5. (a) State Coulomb's laws of force between two magnetic poles and 
hence define unit magnetic pole. Define intensity at a point in a magnetic field. 
Two similar poles of strengths 9 and 16/C. G. S. units are separated by a distance 
of 14 cms. Obtain the position on the line joining them where the magnetic 
intensity will be zero. [Ans. 6cm ; 8cm] 

(b) Define magnetic dip at a place. What is understood by the statement 
that the dip at Calcutta is 31°N? 

6. (a) With the help of the electron theory, discuss the origin of electricity. 
Explain electric induction on the basis of this theory. 

Write down the uses of gold-leaf electroscope. How can you determine the 
ature of electric charge on a body, which is negatively charged with its help? 

(b) Prove by a simple experiment that charge resides on the outer surface 
of a charged conductor. 

Or 

6. (a) Define capacitance of a capacitor. Two capacitors are combined 
(i) in series and (ii) in parallel. Obtain the relation between the equivalent capa- 
citance and the capacitances of the capacitors for the two cases. 

(b) What is an equipotential surface? 

(c) Whatare the factors on which the capacitance of a parallel plate capacitor 
depends? 

Group—C 

7. (a) State Ohm's law and verify the law experimentally. A galvanometer 
of resistance 200 Q, a coil of resistance 20 Q and a cell of e.m.f. 2V and negligible. 
internal resistance are connected in series and a conductor of resistance 2 Q is 
connected in parallel with the galvanometer. Calculate the current through the 
galvanometer. [Ans. 0:0009 amp.] 

(b) Electric current is maintained through a metallic conductor and an 
electrolytic solution in two different circuits. What will be the effect on currents 
in the two circuits if the temperature of the conductor and the solution be increased ? 

8. (a) State Joule's laws of heating by current. Describe in brief the 
electrical method for the determination of mechanical equivalent of heat and 
deduce the formula you use. 

(b) What do you understand by 220V, 66W bulb? The bulb is run by 
connecting it to the 220V main supply. Calculate the resistance of its filament 
when it is incandescent. [Ans. 733:3 ohm] 

9. (a) Explain Fleming's Left hand rule and apply the same to explain 
with diagram the action of Barlow's wheel. Mention the factors on which the 
rate of rotation of the wheel depends. 

. (b) What is Seebeck effect? 
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10. (a) What do you mean by induced e.m.f. and induced current? State 
and explain Lenz’s law of electro-magnetic induction. Justify the law from the 
principle of conservation of energy. What would be the direction of induced 
current in a closed coil when a bar magnet is moved towards the coil with its 
N-pole towards the coil? 

(b) What do you mean by self-induction and mutual induction? 


Group—D 

1l. (a) Describe in brief the production of cathode rays. Mention the 
principal properties of cathode rays. 

(b) What do you mean by thermionic emission ? 

(c) Express an electron-volt in ergs. 

12. (a) Explain with diagram the full wave rectification of an alternating 
current by a diode valve. 

(b) Write down the characteristics of photoelectric effect. 

(c) What is threshold frequency? 

13. (a) How does a semiconductor differ from a conductor and an 
insulator? Give two examples of each of these three classes of materials. Draw 
the current voltage characteristic of a p-n junction diode and explain the same. 

(b) Define amplification factor of a triode valve. 

14. (a) What is radioactivity? What do you mean by artificial trans- 
mutation of elements? Explain how nuclear fission is utilised for the benefit of 


mankind. 
(b) When ,Be® is bombarded by a-particles, neutron is ejected and another 


atom is produced. Write down the equation of reaction. 
[Ans. ,Be?--,He!—C!?--,n!] 


JOINT ENTRANCE EXAMINATION, 1987 


|. Explain whether the magnitude of resultant of two vectors of equal 
magnitude can be equal to the magnitude of either of the two vectors. 

2. The earth is moving round the sun inacircular orbit, say and is acted on 
by a force due to the sun. Is sun doing any work on the earth during this move- 
ment? Explain. 

3. Assuming that the earth moves round the sun in a circular orbit, show that 
the area swept out by the earth in unit time is constant. 

4. A block of wood floats in water contained in a closed vessel provided 
with a small hole at the top. The hole is connected to a compression pump from 
which air is introduced into the vessel half filled with water. Explain whether the 
block will rise or sink further. 

5. What would be the pressure at a point inside a liquid, kept in a vessel 
on an artificial satellite, moving along a circular path round the earth? Give 
reason of your answer. 
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6. What fraction of the whole volume of a glass vessel should be filled with 
mercury in order that the volume of the flask not occupied by mercury may remain 
the same at all temperatures? (Coefficient of linear expansion of glass is 9 x 10-5/^C 
and coefficient of volume expansion of mercury is 1.8 10-4/°C.) [Ans. 3/20] 

7. There are two thermometers—one with spherical bulb and the other with 
cylindrical bulb of equal volume. Which of them will respond more quickly to the 
change of temperature? Explain your answer. 

8. Two identical pieces of ice flying towards each other with equal velocities 
collide and converted into vapour due to impact. Find the minimum possible 
velocities of the pieces just before impact if their temperature is —12°C and sp. 
heat is 0.5. [Ans. 229 10? cm/s (nearly)] 


9. An iron and a copper strip of identical dimensions are rivetted together. 
Explain what will happen if the combination be heated. 


10. The lower and upper fixed points of a thermometer are 0:2? and 101-7? 
respectively. What would be the reading of this thermometer corresponding 
to 60°C? [Ans. 61:17] 

11. A clock having marks instead of numbers on its dial appears to indicate 
7-25 when viewed in a plane mirror. What is the correct time? [Ans. 5:35] 


12. Ifa green body be illuminated by white light and red light in turn what 
would be the apparent colour of the body? Explain your answer. 


13. An object 5 cm long is placed at right angles to the principal axis of a 
concave mirror at distance of 75 cm from the mirror. Ifthe radius of curvature of 
the mirror be 60 cm, obtain the position and size of the image. 

[Ans. 50 cm; 3:33 cm] 

14. The near-point of a person is 50 cm. He wants to bring it at the least 
distance of normal distinct vision. What type of lens should he use and what is its 
power ? Whatis the name of this type of defect of the eye? [Ans. concave ; —2D] 

15. What should be the maximum angle of a glass prism of refractive index 
H so that light cannot emerge from it if incident on the other refracting face? If 
this prism is immersed in water, emergent light is again obtained. Why? 

16. Can electric intensity at a point exist even if the electric potential at 
the point be zero ? Justity your answer by giving one example. 

17. In a thermocouple with one junction at 0°C and the other at t°C, the 
e.m.f. is 16°7t—0:019t? microvolt. Determine the neutral temperature for this 
couple. [Ans. 440°C] 

18. One 220V-60W carbon filament bulb is connected -in series with one 
220V-60W metal filament bulb and the combination is placed across 220V mains. 
Which bulb will glow more? Explain you answer. [Ans. carbon filament bulb.] 


19. A conducting wire is bent in the form of a circle and a straight conductor 
AB outside but near the circle. If the current flowing from A to B gradually 
increases in magnitude, will there be any current in the circle? If so, in what 
direction? : 
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20. Equal number of identical cells are joined in series and also in parallel. 
Under what condition, the currents in both the cases will be the same? 

21. The velocity of sound in solids is generally greater than that in gases. 
Can you give any explanation for this discrepancy? 

22. Determine the percentage change in velocity of sound when the tempera- 
ture changes from 10°C to 20°C. > [Ans. 34%] 

23. A vertical pillar of soft iron, introduced partly in the earth, is found to 
be magnetised after a long time. What would be the nature of the polarity at the 
top of the pillar if it is in the northern hemisphere? Explain your answer. 

24. How do N-type of semiconductors differ from P-type of semiconductors ? 


If suitable amount of arsenic be introduced into a crystal of germanium, 
what type of semiconductor be obtained? 


25. Positively charged protons and neutral neutrons are packed inside atomic 
nucleus, but protons, though similarly charged, do not repel each other. How do 
you account for the phenomenon? 

26. A loaded lorry weighing 5000 kilogram freewheels down an incline of 
1 in 40 at a constant speed of 18 km/h. How much horse power would the engine 
of the lorry need to develop to drive it up the same incline at the same speed, 
assuming the frictional resistance to be the same in each case? — [Ans. 42 H.P.] 

27. Mercury is poured into two cylindrical communicating vessels with 
different cross sections of 15 and 5sqcms. A cubical iron block of 2 cm thickness 
is dropped into the broader vessel and as a result the level of mercury in it rises. 
Then water is poured into the vessel until mercury reaches the previous level. Find 
the height of the water column. (Sp. gravity of iron=7.8) [Ans. 13 cm] 

28. (a) Water is boiling in a kettle, placed on a stove. The area and 
thickness of the bottom of the kettle are respectively 300 sq cm and 3 mm. If the 
rate of formation of steam per minute be 3 gms, calculate the difference of tempe- 
rature between outer and inner surface of the bottom of the kettle. 

Latent heat of vaporisation of water—540 cals/gm conductivity of the 
material of the kettle=0°5 C.G.S. unit. [Ans. 0:054*C] 

(b) The height of a waterfalls is 200 metres. What will be the difference of 
temperature of water at the top and the bottom of the falls if 90% of the potential 
energy of water at the top be converted to heat and the heat be within water? 

J=4:2 Joules/cal ^ g—980 cm/sec? [Ans. 0°42°C] 


29. When 100 gm of a substance, initially in the solid state, was supplied 
with heat at a steady rate of 200 calories per minute, its temperature was observed 

(i) to increase from —5°C to 0°C in a period of 1:25 mins; 

(ii) to remain constant at 0°C for a period of 40 mins; 

(lii) to increase thereafter at a steady rate of 2°C per minute until it reaches 
100°C; 

(iv) to remain constant at 100°C while the amount of the substance appears 
to decrease to approximately one half of its original volume in a time of 135 mins, 
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What information regarding the thermal constants of the material can be 
derived from the above observations? Neglect any heat loss. 

[Ans. Sp-heat—0'5 ; Latent heat—80 cal/gm; Sp. ht in liquid state—1; 
Latent heat of vapourisation —540 cal/gm.] 

30. Two thin equiconvex lenses of focal lengths 10 cm and 20 cm are placed 
inside a thin-walled glass box with curved sides, side by side such that these are 
tightly filled inside. The glass box is then filled with water and used as a lens. 
Determine the position of the object so that an image twice the size of the object 
is formed due to this lens combination. R.I. of glass—$, R.I. of water—4. 

. [Ans. virtual0:42 cm; real->1:25 cm.] 

31. Show that light ray will not emerge after refraction through a prism if its 
refracting angle be greater than twice the critical angle between the material of the 
prism and the surrounding medium. 


32. (a) A coil of resistance 100 ohms is placed in a magnetic field of 1 
milliweber. The coil has 100 turns and a galvanometer of 400 ohms, resistance is 
connected in series with it. Find the average e.m.f. and current if the coil is moved 
in orte second from the given field to a field of strength 0'2 milliweber. 

[Ans. 08V ; 1:6 107? amp.] 

(6) 8 spherical liquid drops each of 2 mm diameter charged with 5 micro- 
statcoulomb coalesce to form a single drop. What is the potential in volts at the 


surface of the drop so formed? [Ans. 10 stat volt.] 
33. What is fundamental difference between a voltmeter and an ammeter? 
Explain : 


(i) How a voltmeter reading up to 150 volts can be converted to an ammeter 
of 8 amperes range. The resistance of the voltmeter is 300 ohms. 

4 [Ans. 20 ohm shunt] 

(ii) How an ammeter of 0.05 amp. range can be made to read up to 5 
amperes. The resistance of the ammeter is 5 ohms, [Ans. -05 ohm shunt] 


34. A wire is stretched between two bridges 25 cm apart and is subjected to 
an elongation of 0:04 cm by the tension. Ifthe density and Young’s modulus of the 
material of the wire be respectively 10 gm/cc and 9 10" dynes/cm?, calculate 
the frequency of the fundamental of this stretched wire. [Ans. 120] 


35. In what way is full wave rectification better than half wave rectification? 
What is the necessity of a rectifier? Draw the circuit diagram of a full wave 
junction diode rectifier. 
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WEST BENGAL HIGHER SECONDARY EXAMINATION, 1988 
SECOND PAPER 


Group—A 


1. (a) Show that when a plane mirror is rotated through an angle then the 
reflected ray of a given ray of light will be rotated twice the angle. 


(b) Establish the relation between object distance, image-distance and the 
focal length of a concave mirror in case of formation of image by reflection on it. 

(c) Two plane mirrors are mutually inclined at 60°. If a point object is 
placed on the bisector of the angle, explain with diagram how many images in 
all will be formed. [4ns. 5] 

(d) Why are the shadows of birds not seen when they fly at a height ? 

2. (a) Write the conditions for total internal reflection and derive the rela- 
tion between critical angle and refractive index. 


(b) Show that when a ray of light is incident on a thin prism, the deviation 
of the ray is given by 5=(u—1)A, where A=the refracting angle of the prism, and 
y —the refractive index of the material of the prism. 

(c) A ray of light is incident at an angle of 60° on the face of a prism which 
has an angle of 30°. The ray emerges out of the prism through the opposite face. 
If the imerging ray makes an angle of 30° with the incident ray, show that the 
imergent ray is perpendicular to the face of the prism through which it emerges. 

(d) Explain how the mirages are formed in a desert. 

3. (a) What do you understand by the terms principal axis and principal 
focus of a lense ? 

(b) A convex lens is placed between an object and a screen. For two posi- 
tions of the lens, real images are produced on the screen. If the lengths of the two 
images be J, and J, and that of the object be O, prove that ON hh. 

(c) Show that the image formed by a concave lens will always be virtual and 
diminished. 

(d) If a convex lens be placed at a distance of 15 cm from an object, a real 
image, magnified four times is formed. For which position of the lens will the 
emage be virtual and magnified three times ? [Ans. 8 cm] 

4. (a) What do you mean by accommodation of human eye? What is 
least distance of distinct vision ? Mention and explain the various defects of 
vision of the human eye. What is the advantage of having two eyes ? 

(b) A short-sighted person can see clearly object at a distance of 20cm. What 
type of lens will be used to see clearly an object at a distance of 100 cm ? Calculate 
the power of the lens. {Concave ; 4D] 


Group—B 


5. (a) “Repulsion is a sure test of magnetisation."— Explain the statement. 
For what reason can a magnet have similar poles at this two ends ? 
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(b) There are three similar bars, of which one is a magnet, one a magnetic 
substance and the other one a non-magnetic substance. Without suspending the 
bars, how would you identify them ? 

(c) Explain magnetic saturation in the light of the molecular theory of mag- 
netism. 

(d) If a vertical iron pillar is kept embeded partly into earth for a long time, 
it is found to be magnetised. What type of pole would be formed at the top of 
such a pillar in the northern hemisphere ? Answer with justification. 

Or, 5. (a) Define unit pole and pole-strength of a magnet. Prove experi- 
mentally that the pole-strength at the two ends of a magnet are equal and opposite. 

(b) Distinguish between para and diamagnetic substances. How can you 
transform a ferro-magnetic substance to a para-magnetic one ? What is magnetic 
permeability and magnetic susceptibility ? 

6. (a) State coulomb's law of force between two point charges and hence 
define unit charge and dielectiic constant. 

(b) Define electric intensity at a point. Can electric intensity at a point 
exist if the electric potential at the point be zero ? Explain your answer with 
example. 

(c) Two capacitors of capacitance 20 uF and 60 uF are connected in series. 
If the potential difference between the two ends of the combination is made 
40 volts, calculate the potential difference between the ends of each of the capa- 
citors. [Ans. 30v ; 10 vy] 

Or, 6. (a) What do you mean by electric lines of force ? What are the 
properties ? Show that electric lines of force are perpendicular to equipotential 
surface. How would you show experimentally that the surface of a charged 
conductor is equipotential ? 

(b) An insulated conductor is positively charged. Another insulated un- 
charged conductor is brought near the first conductor. Will there be any change 
of potential of the charged conductor ? Explain your answer and justify the 
same experimentally. What would happen if the second conductor is connected 
to the earth ? 


Group—C 


7. (a) What is a storage cell ? Why it is so called ? 

(b) Two identical cells of e.m.f. 1.5 volts are connected in series. When 
the combination is connected in series with a resistance and a galvanometre, the 
current through the circuit is 1 amp. If two cells be connected in parallel, then 
the current through circuit becomes 0.6 amp. Calculate the internal resistance 
of the cell. [Ans. $ ohm] 

(c) The e.m.f. of two cells is E volts and their internal resistances are r, and 
rg respective.y. They are connected in series ind the combin tien is connected to 
a resistance R such that the terminal potential difference across the plates of 
the first cell is zero. Calculate the value of R. [4ns. R--n-r; 


(d) Define Volt and Ampere. 
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8. (a) The liquid inside an electric kettle begins to boil 15 min after being 
switched on. The heating elements consists of a coil of wire 6 metie long. How 
should the heating element be modified so that the liquid inside the kettle begins 
to boil 10 min after being switched on. Neglect the loss of heat to the surrounding 
atmosphere. [Ans. To be shorten 2 metre] 

(b) A 25 watt and a 100 watt bulb are joined in series and connected to the 
mains. Explain with reason which bulb will glow brighter. 

(c) What do you mean by Peltier effect and Seebeck effect ? What is the 
difference between Joule effect and Peltier effect ? Mention one practical applica- 
tion of Peltier effect. è 

9. (a) State Faracay’s laws of electrolysis. Define electro-chemical equiva- 
lent of an element. 

(b) Explain with diagram how currect can be measured by the principle 
of electrolysis. 

(c) A tangent galvanometer and a silver voltameter are connected in series 
and current is passed through them for sometime. On the cathode of voltameter 
0.112 gm of silver is deposited in 5 minutes and the deflection of the galvanometer 
remains 30° all through. What is the value of the reduction factor of the galvano- 
meter ? [E.C.E. of silver —0.00112 gm/coulomb.] [Ans. 0.07] 

10. (a) State and explain Faraday's laws relating to electromagnetic induc- 
tion. 

(b) Explain with the help of diagram the principle of action of a simple a.c. 
dinamo. State how the e.m.f. generated by the dynamo stated above will be 
affected in the following cases :— ; 

(i) Intensity of the magnetic field is doubled. 


(ii) Rate of rotation of the coil is decreased. 
Group—D 


11... (a) Describe in brief the production of X-rays. State three properties 
of X-rays which are similar to those of visible light, 

(b) Mention two major uses of X-rays. 

|2. (a) How was photo-electric-emission explained by Einstein ? 

(b) The maximum K.E. of photo-electrons, emitted from a metal due to 
incidence of light of wavelength 5000 A is 0.3eV. Find out the work function 
of the metal. [h=6.640x 10-* erg. sec. ; 1 eV=1.6 x 10-2 erg.] [Ans. 2:19 eV] 

(c) Draw the anode and mutual characteristic curves of a triode valve. 

13. Write down the postulates of Bohr model of an atom, How can the 
origin of hydrogen spectra be explained by Bohr's theory ? What is meant by 
‘heavy water’ ? s 

14. Write short notes on the following : 


G) n and p type of semiconductor. 
Gi) Semiconductor diode and its uses. 


JOINT ENTRANCE EXAMINATION, 1988 


1. Two stones are let fall from a roof, the first from rest and the second 
with an initial horizontal velocity. Which one will hit the ground earlier ? Ex- 


plain your answer. 
2. Between escape velocities in case of earth and moon—which is greater ? 


Justify your answer. 
3. Is Archemedes' principle applicable to freely falling bodies ? Explain. 
4. A body of mass 25 gms is under water at a depth of 50 cms. If the 
sp.gr. of the material of the body be 5.0 and g=980 cms/sec* ; find the amount of 


work required to lift it very slowly to the surface. [Ans. 9.8x 105 ergs] 
5. A parachutist having weight 75 kg descends with a constant velocity. 
What is the force of air resistance acting on him ? [Ans. 75 kgwt] 


6. A rectangular parallelopiped of mass M and sides /, 2/, 3/ is placed on a 
horizontal surface. What position will be the most stable ? What is the reason 
behind it ? [Ans. 3/-base ; /-height] 

7. Two identical glass spheres filled with air are connected by a glass tube 
whose middle portion is horizontal containing a pellet of mercury. Air in one 
vessel is at 0°C and another at 20°C. Will the column of mercury be displaced if 
both the vessels are heated through 10°C and if so, in which direction ? 

[4ns. Towards higher temp. side.] 

8. Heat is supplied at a uniform rate to a piece of ice. The melting begins 
after 2 seconds and is complete in the next 20 seconds. Calculate the initial tem- 
perature of the ice. (Sp. heat of ice —0.5, latent heat of fusion of ice —80 cal/gm). 

t [4ns. —16°C] 

9. Bodies of different colour in the same enclosure come to the same final 
temperature. Explain how this shows that a body which is a good radiator of 
heat must also be a good absorber. i 

10. When a hot body warms a cold body, do their temperatures change in 
equal magnitudes ?—Explain. 

' 11. Sawdust is found to be thermally less conducting than the piece of 
wood from which the dust is derived.—Why ? 

12. What will happen to the image if one half of the converging lens is 
closed by an opaque screen ?. Hence explain what happens when the aperture 
opening of camera lens is reduced by irising. 

13. Explain how you can identify a telescope and a microscope from their 
appearance, G 

..M. A gas is compressed to half of its original volume in two ways, first 
rapidly and then slowly. In which case the work done is greater and why ? 

i A5 To reduce the response of a galvanometer by 25 times a shunt is joined 
with it. What is the resistance of shunt if the internal resistance of the galvano- 
meter is 1000 ohm ? [Ans. 41.67 ohm] 

Y 16. Two insulated conductors A and B are connected by a metal wire. A 
positively charged rod is placed near A (on the further side from B). What will be 
difference of potential between 4 and B ? [Ans. Zero] 


—————— M ——(ltlee— 
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17. A closed circuit consists of n cells connected in series. Each element 
has an e.m.f. € and internal resistance r. The resistance of the connecting wires 
is assumed to be zero. What will be the reading of a voltmeter connected to the 
terminals of one of the cells ? It is assumed the voltmeter has an infinitely high 
resistance, as usual. Can it be realised in practice ? [Ans. Zero] 

18. A voltmeter with resistance 100 ohms connected to the terminals of a 
cell shows a difference of 2 volts. When this cell is connected across a resistance 
of 15 ohms, an ammeter of resistance 1 ohm connected to the curcuit shows a 
current of 0.1 amp. Find the e.m.f. of the cell. [4ns. 2.1 Volt] 

19. If the length of the closed pipe producing a tone of 400 Hz is 20 cm, 
find the length of the open pipe which produces a tone of 600 Hz at the same 
temperature. [Ans. 26.67 cm] 

20. Give physical interpretation of magnetic suspectibility and permeabi- 
lity. 
21. A steel spiral spring has an unstretched length of 8 cm and when a 
weight is hung on it, its length becomes 14 cm. Calculate the periodic time of 
oscillation of the weight, if displaced vertically. [Ans. 0:49 sec] 

22. Indicate the zero potential line of a bar-magnet. 

23. How will a flexible free conductor placed near a strong long bar-magnet 
arrange itself if a current is passed through it from the top to the bottom ? The 
north pole of the magnet is arranged vertically upward. 

24. A small metal ball is suspended by means of a weightless string between 
the plates of a large plane capacitor. If the ball is charged to +g and the upper 
plate is charged positively, what will be the period of oscillation of such pendulum ? 


Made ga 
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25. Why does the sea water seem much darker directly below an aircraft 


flying over the sea than that of when flying at the horizon ? 

26. (a) The length of a second pendulum is taken as unity, find the value 
of g. [Ans s? Sec-?] 

(b) A thin steel ring is heated to a temperature of 95°C. At this temperature 
it just fits over a steel cylinder which has a diameter of 10 cm at 20°C. If the 
system is allowed to cool until the temperature of both the ring and the cylinder 
is 20°C, what will be the stress in the ring ? Assume that the cylinder does not 
change its diameter. Young's modulus —21 x 105 kg/cm? and coefficient of thermal 
expansion, ».—12 x 10-5 per degree €. * [Ans. 1890 kg/cm?] 

27. A tube contains a column of mercury isolating a certain volume of 
air form the medium. The tube can be turned in a vertical plane. In the hori- 
zontal position of the tube, the column of air in the tube has the length /, and in 
the vertical position with air column. at the top, l|, Find the length /, of the 
mn of air when the tube is inclined at an angel of « to the vertical. 
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28. Three resistances A, B and C are connected in such a way that their 
combined equivalent resistance is equal to that of B. If A and B are 10 ohms and 
30 ohms respectively and C#0 ; find the three possible values of C and the ways 
in which they are connected in these three cases. [4ns. 120, 60 and 22.5 ohm] 


29. A man having mass m stands on a rope-ladder which is tied to a free 
ballon. The ballon is at rest. Find the velocity of the ballon when the man starts 
to climb the ladder with a constant velocity v relative to the ladder. 


[ ans i] 
M--m 


30. A solid spherical ball having densities d and volume v floats on the 
interface of two immiscible liquids. The density of the upper liquid is d, and 
that of the lower one is dą. What fraction of the volume of the ball will be in 
the upper and lower liquids, if d, <d <d ? 

[Ans. (ds — d)/(d, —d,) ; (d — d,)/(d4—4))] 

31. A metal block having density 8 gm/cc is suspended by means of a 
weightless string from a hook of a wooden frame. The tension in the string is 
56 gm wt. If the whole system is immersed in a liquid at 40°C, what will be the 
new tension in the string ? The ambient temperature during the experiment is 
20°C. The specific gravity of liquid at 20°C is 1.24. The cubical expansion of 
the liquid and the material of the metal block are 4x 10-5/^C and 8x 10-4/°C 
respectively. [4ns. 47.19 gm-wt] 

32. A common hydrometer completely immerses and floats in water of 
specific gravity 1. It floats with its stem fully above a liquid of specific gravity 1.6. 
What is the density of a liquid in which that hydrometer floats with 2/3 of its stem 
above the liquid ? [A4ns. 1.33 gm/cc] 


33. A thin flat glass is placed in between a convex mirror of focal length 
20 cm and a point source. The distance between the mirror and the glass plate is 
5cm. What is the distance between the plate and the source if its image produced 
by the rays reflected from the front surface of the glass plate coincides with the 
image formed by the rays reflected by the mirror ? How can you establish the 
coincidence of the images by direct observation ? Trace the path of rays. 
[Aas, 15 cm] 
34. An object is placed at a distance of 36 cm in front of a converging lens 
of focal length 30 em, A plane mirror is placed at a distance of 100 cm behind 
the lens: The angle between the optical axis of the lens and the plane of the mirror 
is 45°. A tray with water of depth 20 cm is placed beneath the mirror in such a 
way that a sharp image of the object is formed at the bottom of the ray. What is 
the distance between the optical axis and the bottom of the tray ? The refractive 
index of water is 4/3. Draw the ray diagram, [Ans. 85 cm] 


35. Two strings of length 70 cm and 60 cm are i j 
sounded with a tuning fork 
and produced 5 beats per second, What is the frequency of fork ? [Ans, 65 Hz] 
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